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ABSTRACT
The effect of additives in the-cn combustion operation has
been studied using a combustion tube apparatus equipped for use with 
air  and enriched a ir  up to 35% oxygen. The range of additives 
included Kaolin (also in acidised form), amorphous s i l ic a ,  natural 
core material, fe rr ic  oxide and nickel chloride. Experiments were 
made on three crude o i ls ,  namely, Maya Isthmus, Maya, and Cold Lake.
A weight ra tio  of crude oil to sand of 7% wt provided an oil 
saturation of 36.7% -42.4%. The porosity of mixture varied from 29.1 
- 39.6%. A tota l of 20 combustion tube experiments were conducted at
o O
a maximum pressure of 50 psig and an a ir  flux of 14.57 n r (s t ) /n rh r .
D ifferent amounts of clay and amorphous s i l ic a  were added to the 
sand mixture ranging up to 15% wt, in order to investigate the 
influence of the increased surface area on the in sita combustion 
parameters. Consumption of fuel increased as the percentage amount of 
clay or amorphous s i l ic a  increased. A higher fuel consumption was 
achieved using amorphous s i l ic a ,  compared with Kaolin. The nature of 
the surface area also has a significant e ffect on the fuel consumption 
process. For example, the surface area of Kaolin is changed when 
treated with sulphuric acid, and the higher fuel consumption was 
achieved under these conditions.
Light Maya Isthmus crude o il (32.4* API) was not able to support 
a self-sustained combustion front unless the sand pack contained a 
minimum of 3% wt Kaolin. The medium and heavy crude o i ls ,  Maya (22.1* 
API) and Cold Lake (10.2* API), were however able to sustain stable 
combustion without the presence of additives. Lower Fars reservoir 
material also enables stable combustion to be propagated.
Incorporation of the metal compounds fe rr ic  oxide and nickel 
chloride, into the sand matrix produced an increasedfuel consumption, 
but reduced the combustion peak temperature.
Oxygen enrichment to 35% oxygen achieved faster spontaneous 
ignition, higher combustion temperature and e a r l ie r  o i l recovery.
IV
Nomenclature
°API American Petroleum In s titu te  gravity:
141 5
°API = -------------------------------131.5 .
specific gravity
AFR Air fuel ra t io ,  m3 ( s t ) / kg
AOR Air o i l ra t io , m3 (s t) /m 3
Cal/g CHX Calorie per one gram of fuel
Cal/g sand Calorie per one gram of sand
COFCAW Combination of forward combustion and water-flooding
DSC D iffe rentia l scanning calorimetry
DTA D iffe ren tia l thermal analysis
EOR Enhanced o il recovery
GFR Gas fuel ra t io ,  m3/kg
GOR Gas o i l  ra t io ,  m3/kg
LTO Low temperature oxidation
M 1000 English Engineering Units
m3 (s t)  Standard cubic meter
001P Original o il  in place
SEM Scanning electron microscope
Soj In i t ia l  o il saturation
TGA Thermogravimetric analysis
WAR Water a i r  ra t io ,  m3/Mm3 (s t)
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The term Enhanced Oil Recovery refers to any method used to recover 
more o i l  from a petroleum reservoir than would be obtained by primary 
recovery. In primary recovery the natural reservoir energy is u t i l ise d  
to drive the o i l .  I t  may involve evolution of gas from solution, ex­
pansion of free gas, and o il influx of natural water, or gravity force.
Secondary o i l  recovery involves the introduction of energy into 
a reservoir by injecting gas, water, or chemicals under pressure. The 
added energy may stimulate the movement of o i l ,  providing additional 
recovery at increased rates. In addition, the thermal potential of 
the reservoir can be increased by injecting heat, e ither d irec tly  (steam, 
hot water), or by generation in situ.
In situ combustion is the process of in jecting a i r  (or oxygen) into 
an o il reservoir through selected injection wells f i r s t  to create com­
munication within the reservoir, and then igniting the crude o il so that 
a combustion front is propagated towards the production well.
The idea of using underground combustion in order to recover hydro­
carbons dates back to the Russian scientist Mendeleev who, in 1888, 
proposed a method for underground gasification of coal to produce com­
bustible gases (Farouq A l i ,  1967). In 1920, in Ohio, USA, a production 
well was stimulated by in i t ia t in g  combustion in the well bore by means 
of o i l  impregnated materials. The f i r s t  f ie ld  test of underground 
combustion was conducted in the USSR, during 1932-1938. In 1953, the 
Magnolia Petroleum Company reported laboratory and f ie ld  test information 
on the in situ combustion process. Shortly afterwards, Grant and Szasz 
(1954) published results on the "heat wave " process, wherein some of
2the produced flue gas is reinjected. Walter (1957) reported on a f ie ld  
test in I l l in o is  involving a combination of steam drive and in situ com­
bustion process. Since that time, considerable investigation of the 
in situ combustion process has taken place and many variations of the 
basic process have been devised.
The process of in situ combustion may be operated e ither in the 
forward or reverse combustion mode. The la t te r  involves propagation of 
the combustion front in a direction opposite to that of the gas flow, and 
is mainly applicable to ta r  sands. In forward combustion, the combustion 
front propagates in a direction concurrent to the oxidant stream, i.e., 
the burning front moves from the injection well to the production w ell.
The in situ combustion projects may be e ither dry or wet, according to 
whether water is simultaneously injected with the a i r  [Langues and Beeson 
(1965), Dietz and Weijdema (1968), Parrish et at. (1969), and Hughes (1985)].
The operation of in situ combustion processes involves in i t ia t in g  
a ir  injection into the o i l  reservoir, as shown in Figure 1.1. Crude oil  
near the injection well begins to oxidise, and i f  the rate of oxidation is 
rapid, ignition occurs spontaneously. I f ,  however, the oxidation rate  
is too slow, ignition can be achieved by downhole heating on preheating 
the a ir .
Following ig n it ion , continuous a i r  injection causes the burning front 
to move out through the reservoir towards the production well. Combustion 
gases, together with evaporated liqu ids, flow ahead and are produced with 
other f lu ids . Heat generated at the burning front vaporises formation 
water, which develops a steam zone downstream. Water from the combustion 
reactions also contributes to this steam zone. Appreciable quantities  
of o il are displaced from the steamed region, leaving a re la t iv e ly  low o il
Figure
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1.1 Schematic diagram of  in situ combustion process [P.D. White (1985)].
4saturation to be overtaken by the burning front. The high temperature 
generated at the combustion front vaporises and also cracks the o i l ,  
leaving mainly a coke-like residue to be burned, which is formed from 
the heaviest and least valuable part of the crude o i l .  Steam condenses 
in the cooler region of the reservoir and causes the combusting gases 
to concentrate in the upper region of the structure. Because of this  
e ffe c t ,  there is a tendency also for the combustion front to fallow the gas 
path. The extent to which the combustion front sweeps the upper part 
of the o il zone must therefore be recognised in applying in situ com­
bustion. When the heat front arrives at the production w e ll ,  the pro­
duction rate usually increases due to the reduction in o il viscosity.
Figure 1.2 shows the e ffec t of temperature on f lu id  viscosity, indicating  
that a very s ign ificant change in heavy o il viscosity can be achieved at 
re la tive  low temperatures. The change is much less dramatic for the 
l igh ter o ils  and water.
Extensive investigations have been carried out in the laboratory in 
order to understand the mechanism and chemical reactions governing the 
in situ combustion process [Wilson et al. (1958), Berry and Parrish (1960), 
Showalter (1963), Gottfried (1965), and Dabbous and Fulton (1974)]. One 
of the major objectives of in situ combustion experiments has been to 
re late  the fuel deposition and fuel consumption to other parameters of the 
process [Martin et al . (1958), Alexander et al. (1962), Dew et al. (1965), 
and Thomas et al. (1979)]. In order to define the physical l im its  of 
combustion and to delineate the process variables necessary for successful 
propagation of a combustion front, several investigators have carried out 
f ie ld  p i lo t  tests {Gates and Ramey (1958), Clark et al. (1965), and Parrish 
et al. (1974)].
5Effect of Temperature on 






Figure 1.2 Ef fec t  o f  temperature on v iscos i ty  o f  o i l  and water 
(Computer Model ling Group, 1982).
6Analysis of the reservoir sands has shown that fine partic les are 
invariably present in the formation, often in s u ff ic ien t quantities  
seriously to a ffec t o i l  production. Fine partic le  solids derived from 
reservoir sediments and clays can have a wide size d istribution and 
mineral composition [Hardey et al. (1972) and Buchwald et al. (1973)].
The main objective of the present study was to investigate in a 
quantitative manner the e ffec t  of clay additives on the in situ combustion 
process. These materials possess very high specific surface areas, 
re la tive  to the surface of the host matrix. They can therefore sig­
n if ic an tly  influence combustion kinetics and fuel laydown. In addition, 
clay additives and fine solid materials may be c a ta ly t ic a l ly  active , and 
therefore this e ffe c t  was also investigated.
7CHAPTER 2
Porous Media and Crude Oil Properties
The most important controlling factors of the in situ combustion 
process are the nature of the crude o il  and reservoir porous media.
This chapter is divided into two sections. The f i r s t  deals with the 
role of clays in the in situ combustion process and the second section 
describes the characteristics of the crude o i ls .
2.1 Role of Clays in the In Situ Combustion Process
Clays are as grained, natural, earthy, argillaceous material. They 
are composed of alumina, s i l ic a ,  and water, together with iron, a lka lies  
and alkaline earths. As shown in Figure 2 .1 , clay minerals consist of 
two re la t iv e ly  simple building units. These are the s i l ic a  tetrahedral 
sheet and the alumina or magnesia octahedral sheet.
In addition to the clay minerals, some clays contain varying amounts 
of so-called non-clay minerals, typ ica lly  quartz, c a lc ite ,  feldspar and 
pyrite . They may also contain organic material and water-soluble sa lts .
All clays are negatively charged (Hower, 1974). The density of the 
negative charge can be measured by determining the number of positive  
charges required to neutralise the crysta l. This is known as the cation 
exchange capacity of the clay and is expressed in mi H i  equivalents (ME) 
of 100 grams of clay. Many properties, such as those concerned with 
optical and infrared characteristics, are part icu la r ly  important for the 
id en tif ica tion  of the clay minerals.
Other factors such as the crystal 1 in i ty ,  surface area, ca ta ly tic  
a c t iv i ty ,  p art ic le  size of clays and s o lu b il ity  in acids and a lk a lie s ,  
may influence the properties of clay materials and may in most instances 
be more important than clay mineral composition.
8O : Hydroxyls #  - Aluminium or Magnesium
#  : SiliconeO : Oxygen
Figure 2.1 Chemical s t ruc tu re  o f  c lay mineral ,  from Grim (1962) 
"Appl ied Clay Mineralogy".
92.1.1 Clays in petroleum reservoir
A petroleum reservoir is a porous strata that is s u ff ic ien tly  permeable 
to allow flu ids  to move through i t .  Fine solid particles are present in 
the pore spaces of a l l  sand stone reservoirs. Regardless of th e ir  
o rig in , i t  has been recognised that these partic les cause severe formation 
damage. This is because they are not held physically in place, but are 
free to migrate through the pores depending on the f lu id  motion and can 
concentrate at pore restric tions causing severe plugging and large re­
ductions in permeability.
Mineral analysis [Hardy et al. (1972)] for May-Libby core material 
indicates that i t  contains 76% medium to coarse grain size sand, 13.5% s i l t  
and 10.5% clay. The clay fraction was ka o lin ite , but did contain some 
montmorilIonite, i l l i t e ,  and ch lo rite . The minerals appeared to be well 
dispersed throughout the reservoir. Buchwald et al. (1973) analysed a 
reservoir rock which was unusually clean and consisted of 98.9% sand,
0.5% s i l t ,  and 0.6% clay. The s i l t  and clay fractions consisted of 
kaolin ite  and montmorillonite in concentrations of about 35% each. The 
remainder minerals in these two fractions comprised i l l i t e ,  c a lc ite ,  
c h lo r ite , quartz, feldspar, and s id er ite .
The to ta l mineralogy of the host matrix can have a great influence 
on the process variables of an in situ combustion process, especially for  
reservoirs which contain high gravity crude o i ls .  Hardy et al. (1972) 
carried out a series of combustion tube tests with synthetic and also natural 
core matrices restored to post-waterflood saturations. An adiabatic com­
bustion tube 5" in diameter and 42" long, was used in the tests. The 
synthetic matrix consisted of a mixture of 95 wt % Penn sands and 5 wt % 
kaolin clay. In tests using this mixture there was some d i f f ic u l ty  in
10
sustaining a combustion front. The natural core material was crushed 
before being packed into the combustion tube and the original saturations 
of o i l ,  water and gas were restored. No d i f f ic u l ty  was observed in 
maintaining a vigorous combustion in the natural core material. Data 
from these tests and from x-ray and chemical analysis of the matrix and 
crude o il indicated that the in situ combustion process variables of this  
high gravity crude o il (40° API) are greatly influenced by the mineral 
composition of the host matrix.
Using D iffe ren tia l Thermal Analysis (DTA), Burger and Sahuquet (1972), 
studied the kinetics of oxidation reactions involved in crude o il  burning. 
They found a s ign ificant difference between burning crude o i l  in a porous 
medium consisting of natural rock containing clay and porous media composing 
only ground s i l ic a .  In the natural matrix, a higher oxidation temperature 
was obtained, and larger amounts of oxygen were consumed and larger amounts 
of CO and C02 were also produced. The differences in the two sets of 
results are shown in Figures 2.2 and 2 .3 , and believed to be due to the 
cata lytic  e ffec t  of clays, or the large surface area, or both.
Ejiogu et al. (1978) found that a natural core could deposit suf­
f ic ie n t  fuel to sustain combustion, even when the residual o i l  saturation 
was as low as 28.9% at high w ater:a ir  ra tio  [2.73 x 10"3 m3/m3 ( s t ) ] .
He suggested that i t  was important to obtain a mineral analysis of pre- 
and post-burn samples, for possible correction of carbon dioxide generated 
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Figure 2.2 Oxidation o f  crude o i l  in a clean sand [Burger and Sahuquet 
(1972)].
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Figure 2.3 Oxidation o f  a crude o i l  in i t s  o r ig in a l  matrix 
[Burger and Sahuquet (1972)].
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2.1 .2  Surface area of clays
Specific surface area is defined as the surface of the pore channels 
per unit bulk volume. The specific surface area is dependent upon the 
number, shape, size and length of the pore channels.
Sand formations contain a re la t iv e ly  large amount of fine p artic les ,  
some of which can be dislodged by flow of f lu id s . Table 2.1 gives data 
showing the magnitude of the surface area of some clay minerals. The 
specific surface area of a particu lar clay mineral varies with partic le  
size d istr ibution , partic le  shape and the presence of crakes and pores 
in the sample.
The specific surface area of clay minerals has a s ign ificant e ffec t  
on in situ combustion parameters, as discussed by Poettman et al. (1967). 
They deduced that the surface area of clays had a d irect e ffec t  on fuel 
deposition characteristics of high-gravity, paraffin-based crude o i l .  
Their results showed that with a high o il saturation of approximately 
70%, re la t iv e ly  low temperature (117 °C), and a ir  flux of 0.1 cm3/cm2 
second (12 s c f /h -s q . f t . ) ,  maximum fuel deposition (3.65%,wt Carbon/rock) 
was obtained. Also, the minimum fuel required to in i t ia te  a 
combustion wave was found to be about 1% by weight. Given these con­
ditions, suffic ient time is necessary to promote the deposition of carbon 
on sand.
Guvenir (1980) studied the e ffec t  of kaolin content on dry forward 
combustion of Iola crude o i l .  Four combustion runs were conducted with 
clay content varying from 0-15 wt %. In one combustion run, amorphous 
s il ic a  powder was used. This is an inert material with a re la t iv e ly  
large surface area (1.42 m2/g ) .  Thus, the objective in this case was 
to determine whether clay had a ca ta ly tic  e ffec t on the process or the
13
Table 2.1 Specific surface area of some clay minerals (Grim, 1959).
Heat treatment Loss in weight Specific surface 
area
(°C) (%) (m2/gm)









Montmorillonite 30 - 15.5
Ha Hoy s ite 30 _ 43.2
*Heated at temperature given until no further weight loss.
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effect was due to i ts  large surface area. Guvenir concluded that the 
surface area of the kao lin ite  was the major contributing factor responsible 
for fuel deposition. Figure 2.4 shows how fuel deposition increases with 
clay content.
Vossoughi et al. (1982) investigated the e ffec t of surface area using both 
combustion tube tests, thermogravimetric analysis (TGA) and d if fe re n t ia l  
scanning calorimetry (DSC). Their results show a minimum specific surface 
area is required for any particu lar crude o il in order to establish a s e l f ­





0 5 10 15
Weight % Clay
Figure 2.4 Fuel deposition versus clay content of sand (Guvenir, 1980).
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Dabbous and Fulton (1974) found that the rock surface area affected  
the reaction rate constants for oxygen consumption. In particu lar, they 
noticed that the rock mixture with the highest surface area gave the 
largest carbon oxide conversion. This suggested that the in i t ia l  carbon 
oxidation reaction is a heterogeneous surface reaction. Fassihi and 
Brigham (1981) also studied the effect of the rock surface area on the 
combustion process. They found that using a sand mixture instead of 
natural core gave d if fe ren t values in the reaction parameters. An analysis 
showed that the sand grains were much f iner in the original core than in 
the sand mixture.
A study by Drici and Vossoughi (1985) investigated the effect of 
surface area on crude oil combustion. TGA and DSC were performed on crude 
o il alone and in the presence of clays, s i l ic a  and alumina with variable  
specific surface areas. They found that crude oil combustion is influenced 
not only by the clays, but also by any granular material with high specific  
surface area. Additional tube runs were performed by Vosoughi et a l .
(1985) with f in e r  sand grains having specific surface areas of 0.0317,
0.112 and 0.3332 m^/g. A strong sustained combustion front was observed 
only in the run with the greatest specific surface area. I t  was concluded, 
therefore, that a minimum surface area is necessary for there to be 
suffic ient laydown of fuel by the doking process.
2.1.3 Catalytic  additives
The rates and activation energy of many reactions are affected by 
materials which are neither reactants nor products. Such materials are 
called catalysts. They may slow down the reactions, in which case they are 
called negative catalysts , or they may speed up the reactions, in which 
case they are called positive catalysts (El-Shoubary, 1981). Reactions
16
with solid catalysts usually involve high energy rupture or high energy 
synthesis of materials and these reactions play an important role in many 
industrial processes, e.g., the production of methanol, ammonia, sulphuric 
acid and many other petrochemicals (Levenspiel, 1972).
In a situation where a number of chemical reactions are possible, 
a catalyst may a ffec t the rate of a l l ,  or ju st some, of them and this  
property of catalysts is called s e le c t iv ity ,  i . e . ,  the a b i l i ty  to d irect  
reactions along certain paths and enhance rates of reaction. Another 
characteristic of a catalyst is that only comparatively small numbers 
of active ca ta ly tic  sites are required to produce a large reaction e ffec t.
During ca ta ly t ic  cracking processes, carbonaceous material gradually 
accumulates on the surface of the catalyst according to a mechanism which 
involves i n i t i a l l y  adsorption of e ither the reactants or products, followed 
by chemical reaction of the adsorbed material to produce surface deposits 
of much lower v o la t i l i t y .  The e ffec t of a catalyst w il l  d i f fe r  from
one component to another. Therefore, grouping the processes such as
cracking, low temperature oxidation, coke combustion, etc., is necessary.
In the ca ta ly tic  cracking of petroleum fractions during re fin ing ,  
carbonaceous materials gradually accumulate on the surface of the catalyst.  
These deposits tend to lower the cracking a c t iv ity  of the catalyst and 
must be periodically  removed by burning. The catalysts normally used 
have high surface areas and consequently adsorb s ign ificant amounts of 
hydrocarbons, even at elevated temperatures.
(a) Catalytic e ffe c t  of clays:
I t  is known that clay materials generally possess ca ta ly tic  properties 
towards various organic liquids. However, this property is not present 
to the same degree in a l l  kinds of clay materials. Grim (1962) showed
17
that some structure aspects of the clay minerals remain in the catalysts  
a fte r  manufacture and that this is essential to the properties of the 
clay catalysts.
Some investigators have found that the presence of clay can have 
a dramatic e ffe c t  on the in situ combustion process. Bousaid (1967) 
reported that the activation energy in the oxidation of crude o i l  decreased 
from 26,600 to about 20,000 Btu/lb mole for a porous medium containing 
20 wt % clays. The fuel deposition was much greater for the porous medium 
containing a mixture o f 80 wt % sand and 20 wt % clay, compared with no 
clay additives.
Fassihi (1980) studied the e ffe c t  of clay content on forward combustion 
and carried out s im ilar runs to Guvenir's (1980), but with d if fe ren t crude 
o i l .  The presence of clay had an e ffec t  on the frontal behaviour of 
the combustion zone in the porous media. The average front temperature of
the combustion zone was higher when clay was present in the sand mixture. The 
oxygen u t i l is a t io n  effic iency also improved, but a considerable amount 
of coke was le f t  unburned.
Vossoughi et at. (1983) observed a s ign ificant reduction in activation  
energy of the crude o i l  combustion resulting from addition of clay to the 
oil/sand mixture, which was attributed to the c a ta ly t ic  properties of 
the clay.
(b) Acid treatment of clays:
The f i r s t  catalysts to be used in dustr ia lly  were natural clays of 
the bentonite type (Decroocq, 1984). They had to be activated by acid 
treatment, which considerably modified th e ir  physical and chemical prop­
e r t ie s . Surface area and porosity increased (as a result of the dissolu­
tion of some aluminium and magnesium atoms) and surface sites favouring
18
hydrocarbon cracked were formed by ion exchange. Grim (1962) suggested 
that the surface of kadlinite clay provides adequate ca ta ly tic  a c t iv ity  
to produce gasoline from hydrocarbons and i t  is only necessary to increase 
the surface area to produce a commercial product. Acid activation of 
montmorilIonite followed by leaching serves to increase the surface area 
and porosity, and to decrease the partic le  density. The surface area 
is increased from about 20 to more than 300 m2/g in the finished catalyst.
The so lu b il ity  of the clay minerals in acids varies with the nature 
of the acid, the acid concentration, the acid to clay ra t io ,  temperature * 
and the duration of the treatment. Also, the s o lu b il i ty  of the various 
clay mineral groups varies greatly . This is because individual groups 
exhibit d ifferent degrees of crystal 1in i ty ,  so that the s o lu b il ity  in ­
creases as the degree of c ry s ta l l in i ty  decreases. The s o lu b il ity  would, 
of course, terrd. to increase with smaller partic le  size. In general, 
clay minerals are more soluble in sulphuric acid than in hydrochloric 
acid. The treatment is s u ff ic ie n t  for substantially complete removal 
of adsorbed alka lies  and a lka line  earths. The exchangeable cations are 
replaced by hydrogen. The proton penetrates the octahedral part of the 
montmorillonite la t t ic e  displacing octahedral magnesium, iron, and 
aluminium, in about that order. The protons from the acid probably 
jo in with oxygens in the octahedral unit to form hydroxyls, thereby freeing  
the octahedral cations. Magnesium, aluminium and iron proceed from octa­
hedral positions to exchange sites and then into solution at a rate and 
to a degree depending on treatment procedure, e.g. > acid dosage, acid 
concentration, temperature, and time. Following acid treatment, the 
clay is washed to eliminate a lka lies  and calcium, and to reduce the iron 
content. This enables the desired magnesium and aluminium composition 
to be developed. Table 2.2 shows the extraction of alumina from various 
clay minerals with sulphuric acid.
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Table 2.2 Extraction of alumina from various clay minerals with 
sulphuric acid [Grim (1959)]__________________________
Aluminium extracted, % tota l aluminium present




Kaolinite 3 100 70
Anauxite 9 95 -




111i te 11 52 87
Smectite 87 28 85
33 19 93
MascovTte 17 29
*Determination made a f te r  boiling 0.5 g of sample in 35 cc of 20% 
solution of sulphuric acid for 1 h.
+Clay dried at 130 °C, then digestion of 0.5 gm sample in 35 cc of 20%
solution of sulphuric acid for 1 h.
D ifferent authors have described the procedure for treatment of clays
with acids. In this study, the kaolin has been prepared according to 
the method described by M ills  (1949) and w il l  be outlined in the next 
chapter.
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Generally, a substantial increase in surface area is necessary to 
develop adequate commercial ca ta ly tic  properties, but there is no direct  
correlation between the amount of surface and ca ta lytic  a c t iv ity  (Grim, 
1962), i.e., a material with a high surface area is not necessarily a 
satisfactory catalyst. However, Mi 11iken et al. (1955) reported surface 
areas of 150 to 200 m2/g for halloysite and kaolin ite  a f te r  treatment 
with acid. No investigation has studied the e ffec t of clay a f te r  acid 
treatment on the in situ combustion process.
Drici and Vossoughi (1985) carried out extensive work on the effect  
of the matrix on fuel deposition and activation energy. The e ffec t of 
clays, s i l ic a  and alumina were studied and they are c lassified  as solid  
acid catalysts. They concluded that the ca ta ly tic  a c t iv it ie s  of clays 
are related to th e ir  acid s ite  density and acid strength. Activation  
energy decreases with increasing number of acid s ites , which would favour 
LTO and thus promote fuel deposition. Dabbous and Fulton (1974) showed 
that increasing catalyst s ite  density and acid strength favours an in ­
creased rate of coke formation. This is very important when combustion 
is applied to l ig h t o i l  reservoir when fuel deposition may be a lim iting  
factor (White, 1985).
2.2 Crude Oil Characteristics
The composition of petroleum can vary with the depth of an individual 
reservoir formation. I t  w i l l  also depend on the location and age of 
the o i l .  Crude o i l  is defined by Hobson (1984) as a naturally  occurring 
mixture consisting predominantly of hydrocarbons, together with sulphur, 
nitrogen, and oxygen derivatives of hydrocarbons. The main hydrocarbon 




Figure 2.5 Composition diagram for petroleum from "The Chemistry 
and Reaction of Petroleum", by J.G. Speight (Marcel 
Dekker In c .)  1980.
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Table 2.3 Petroleum c lassification according to chemical composition 
[from the above source (see Figure 2 .5 )]__________________
Class of crude
Composition of 250-300 °C fraction  





























2.2.1 Oxidation of crude oil
Reactions between oxygen and hydrocarbons at temperatures below 350 °C 
are termed low temperature oxidation (LT0) reactions. These are character­
ised e ither by the absence of cabron oxides, or low levels of carbon oxides 
in the e ff luen t gases. In other words, more oxygen reacts with the o i l  
in place than can be accounted for in the produced gases. As the tempera­
ture of hydrocarbon oxidation is raised above 350 °C, increasing quantities  
of products are formed. According to Alexander et at. (1962), p artia l  
oxidation of crude o i l  during in situ combustion s ig n if ican tly  influences 
the behaviour o f the crude o il-w ater system in the zones preceding the 
combustion zone. This consequently, has an e ffec t on the amount and 
characteristic  of the fuel available for combustion. They asserted that  
LT0 is generally undesirable because of adverse e ffec t on the viscosity  
and d is t i l la t io n  characteristics of the crude. Displacement of o i l  in 
the reservoir by the in situ combustion is ultim ately controlled by the
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physical properties and d is t i l la t io n  characteristics of the crude. The 
results are in agreement with those of Tadema (1959), who used DTA to 
study the thermal effects of mixtures of various o ils  and sands. The 
study showed that there are two d istinct combustion which occur at 
approximately 270 °C and 400 °C. Analysis of the exhaust gas showed 
that oxygen was taken up near the 270 °C peak and a coke-like residue 
was formed. Only a small part of the oxygen could be found as carbon 
dioxide or carbon monoxide. A small percentage is taken up by the residue 
and the major part reacts to form water. At the high temperature peak, 
mainly C02 and some CO are formed and l i t t l e  water was produced. No 
residue remained.
Bousaid (1967) studied the oxidation of crude o i l  in unconsolidated 
porous media and obtained an expression for the burning rate of carbon 
as a function of carbon concentration, oxygen partia l pressure and com­
bustion temperature. The carbon burning rate for the two types of crude 
o il gave a f i r s t  order reaction with respect to both carbon concentration 
and oxygen partia l pressure. While the activation energy was s im ilar  
for the two crudes examined, the presence of clay decreased the activation  
energy.
Bae (1977) studied the thermo-oxidative behaviour of crude o ils  using 
DTA and TGA. In his experiments, the crude o i l  used ranging from 6-38 
°API gravity at pressures of 50,500 and 1000 psig using nitrogen and a i r  
atmospheres. In the curves from the DTG runs, two peaks usually occurred. 
The f i r s t  peak started ju st below 205 °C (400 °F ), signalling the onset 
of low temperature oxidation. A second peak appeared around 370 °C 
(700 °F) and when the temperature reached 482 °C (900 °F ), the reaction 
was complete. Bae concluded that the a v a i la b i l i ty  of oxygen at low tem­
perature d ra s tic a l ly  changed the quantity and the quality  of the fuel 
laydown.
2 4
The kinetics of both low temperature oxidation of crude o i ls ,  occurring 
below 250 °C, and high temperature combustion reaction of the coke le f t  
behind a f te r  thermal cracking of the crude was used to obtained rate equa­
tions for the overall rate of LTO reactions. The reaction order was 
dependent upon the crude, but independent of the properties of the porous 
media.
In the study of Kharrat and Vossoughi (1985) using DSC and TGA, the 
f i r s t  step was to id en tify  the oxidation behaviour of the crude o i ls .
The shape of the curves obtained in a l l  cases indicated the occurrence 
of four d is t in c t transitions during the process. These transitions are 
d is t i l la t io n ,  low temperature oxidation, and f i r s t  and second combustion/ 
cracking reactions (Figures 2.6 and 2 .7 ) .
Both low temperature and high temperature reactions have an e ffect  
on the viscosity and d is t i l la t io n  characteristics of crude o i l .  Martin
et al. (1958) emphasised that LTO increases o i l  viscosity and a lters  the
d is t i l la t io n  characteristics of crude o i l .  Another study concerning 
a high API gravity of o i l  of 32.1-44.3° was conducted by Sterner and 
Wertman (1967). Their results confirmed that in situ combustion is 
applicable to both asphaltic and paraffinic-based high gravity o ils  under 
suitable conditions. Okandan et al. (1982) pointed out that LTO causes 
a decrease in the API gravity of o i l .  I t  s ig n if ic an tly  increases the 
amount of fuel available for combustion.
A recent study by Lerner et al. (1985) outlines the effects caused
by LTO on the vaporisation of the o i l ,  changes in o i l  v o la t i l i t y  resulting
from coking and changes in o il properties. Changes in viscosity and 
vaporisation characteristics of the o i l ,  due to low temperature oxidation, 








Figure 2.6 TGA and DTG curves o f Moran rese rvo ir  core in dynamic a i r  purge 
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Figure 2.7 TGA and DTG curves o f Moran crude o i l  in dynamic a i r  purge 
[Kharrat and Vossoughi (1985)].
2 6
that l ig h t crudes are more susceptible to LTO than are heavy o i ls .
Crawford (1968) has l is te d  some of the products of LTO as alcohols, 
aldehydes, ketones, acids and peracids. He concluded that aldehydes 
promote the reaction.
In 1981, Lee et al. mixed two crude o i l  fractions in order to study 
the fe a s ib i l i ty  of representing the crude o il  by only two fractions. I t  
was established that a two fraction scheme gives a set of results f a i r ly  
close to that predicted by the original o il scheme.
2.2.2 Minimum crude content
The minimum crude o i l  content required for a se lf  sustained combustion 
was found (Kharrat and Vossoughi, 1985) by applying an energy balance over 
a unit bulk volume of the rock in the v ic in ity  of the combustion front:
,, Pb^b^Tmin , lN
Wmin * — ^ ------  (1)
where Pb^b = (1_,P)ps^s + ^Pg^g
A^ min = r^nin -  T/\, Tmjr|and T/\ are -the required minimum front temperature 
and the known temperature and AH is the heating value of crude; \J> = 
porosity, p = density of gas, C^, Cs , and Cg are respectively, the specific  
heat of bulk, solid and gas.
The temperature at which the tota l crude o i l  sample was consumed 
was considered to be the required minimum front temperature, Tm^ n. This 
temperature was obtained by conducting a series of TGA and DSC runs. The 
AH value of the sample was determined from the area under the DSC curve.
The value of pb» C5 is calculated from equation ( 2 )  by ignoring PgCg.
The o il content of the reservoir, W r ,  was calculated by the equation
Wr = s0p0ip ( 3 )
where s0 is the o il  saturation, p0 is the o il density, and i|> is the
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porosity of the reservoir. Reservoirs with Wr greater than, or equal 
to Wm-jn, were considered feasible candidates for in situ combustion.
A successful combustion tube run for crude o i l  has been reported 
by Vossoughi et al. (1982), in which a sand pack with 7 wt % crude o il  
was used.
Burger et al. (1985) considered the minimum o il content to be between 
8 and 12 volume % for steam in jection applications and 7% for in situ com­
bustion.
2 .2 .3  M etallic  additives
Petroleum contains a small amount of metal compounds such as copper, 
iron, n ickel, vanadium, magnesium and calcium. Tables 2.4 and 2.5 show 
the ranges of such elements in the petroleum and the metals content of 
diffe ren t curde o i ls .  The sand matrix may also contain other metal com­
pounds, e.g., s id e r ite ,  magnetite and iron.
Zinc, calcium and magnesium are present in the crude o i l  in the form 
of organometallic soaps possessing surface-active properties. These 
are adsorbed at the water-o il interface and act as emulsion s tab il isers .  
Vanadium, copper, nickel and iron appear as a d if fe ren t class and are 
present as o i l  soluble compounds (Speight, 1980).
The term cracking is applied to the process of decomposition of hydro­
carbons or of petroleum fractions , by the action of heat (thermal cracking), 
or by heat in the presence of suitable catalysts (c a ta ly t ic  cracking).
The products resulting from the decomposition are of a lower molecular 
weight than the feed stock, and are mainly o le f in ic  in character. Many 
of the ca ta ly t ic  effects are observed in c a ta ly t ic  cracking processes, 
can be related to the presence of certain non-hydrocarbon impurities in 
crude o il [Medley and Cooley ( I9 6 0 ) ] .
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Table 2.4 Ranges of principal trace elements found in petroleum 
Element Range in Petroleum (ppm)
Cu 0.2 - : 12.0
Ca 1.0 - 2.5
Mg 1.0 - 2.5
Ba 0.001 - 0.1
Sr 0.001 - 0.1
Zn 0.5 - 1.0
Hg 0.03 - 0.1
Ce 0.001 - 0.6
B 0.001 - 0.1
Al 0.5 - 1.0
Ga 0.001 - 0.1
T1 0.001 - 0.4
Zr 0.001 - 0.4
Si 0.1 - 5.0
Sn 0.1 - 0.3
Pb 0.001 - 0.2
V 5.0 - 1500
Fe 0.04 - 120
Co 0.001 - 12
Ni 3.0 _ 120
Table 2.5 Metals content of
29




East Texas 3.2 1.7 1.2 0.4
West Texas •
LO 4.8 7.9 0.4
Mi rando 7.6 1.9 1.4 0.6
Jackson 4.4 1.8 0.9 0.2
Scurry County 3.4 1.0 0.8 0.2
Wi1 mington 28.0 46.0 41.0 0.6
Santa Maria 17.0 97.0 223.0 0.3
Kettleman 24.0 35.0 34.0 0.4
Ventura 31.0 33.0 49.0 1.1
Ti bu-Petrolea 1.6 9.0 60.0 0.9
Kuwait 0.7 6.0 22.5 0.1
Mi d-Conti nent 3.8 4.2 7.9 0.3
Kansas 5.8 5.8 20.8 0.4
Morocco 0.8 0.6 0.1
Redwater 3.4 10.6 4.5 0.1
M etallic  additives may sh ift  the rate determining step from fuel 
combustion towards middle temperature reactions. Burger and Sahuquet 
(1982) presented a set of experimental results. A 2000 ppm of copper 
derivative was added to the o il (Figure 2.8) and 1 wt % nickel oxide 
was added to the sand in another case (Figure 2 .9 ) .
In the presence of m etallic  additives (a) the oxidation reactions 
occur at noticeably lower temperatures due to lower activation energy, 
and (b) fuel a v a i la b i l i ty  and a ir  requirements are increased, due to  
greater coke formation.
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Figure 2.8 Oxidation o f  crude o i l  contain ing a copper add it ive  in 
clean sand.
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Figure 2.9 Oxidation o f crude o i l  in a clean sand w ith  add it ion  of 
n icke l oxide.
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The analysis of oxidation data for a French o il  presented by Fassihi 
et al. (1984) showed that addition of 2000 ppm of copper to the sand mixture 
lowered the activation energy by approximately 50%. Because of this  
profound dependency of the kinetic parameters on the matrix compounds, 
a ll  combustion studies, as stated by Fassihi, should be conducted with 
the parent cores. I f  this is not possible, the matrix should be analysed 
to see whether m etallic  and clay additives are present. I t  is f e l t  that 
the existence of clay,or a very fine matrix, in a ligh t o i l  reservoir may 
lead to a successful combustion project in a f ie ld .  Fassihi concluded 
that m etallic additives have a ca ta ly tic  e ffec t on the oxidation reactions 
and that clays increase fuel deposition by promoting adsorption.
Drici and Vossoughi (1985) studied crude o i l  combustion in the presence 
of titanium, fe r r ic ,  n ickel, cupric, vanadium and chromium oxides. D if ­
ferentia l scanning calorimetry and thermogravimetric analyses were applied 
to the crude o i l  combustion in the presence and absence of the metal oxides. 
I t  was found that the e ffec t of titanium oxide was sim ilar to that of 
s il ic a  and alumina. The fractional amount of heat released in the lower 
temperature region increased with increasing quantities of the titanium  
oxide and attaind a maximum leve l. The coke combustion peak shifted  
s lig h tly  to the lower temperature region and became smaller. Vanadium, 
nickel and fe r r ic  oxide behaved s im ilarly  in enhancing the endothermic 
reactions. The e ffec t  of a small amount of metal oxides (about 1% by 
weight) on the crude o il combustion in the presence of s i l ic a  powder was 
ins ign ificant. However, the same amount of metal oxide affected the DSC 
curves produced from the combustion of the crude oil/sand mixture sig­
n if ic an t ly .  Therefore, when there is a large surface area, e.g., when 
s il ic a  is present, the surface reactions are predominant and are unaffected 
by the small amount of metal oxide present.
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CHAPTER 3
Equipment and Experimental Procedures
Figure 3.1 shows a diagram of the in situ combustion assembly used 
in this study. Table 3.1 contains a l is t in g  of the equipment items 
shown in Figure 3 .1 . THe main parts of the in situ combustion assembly 
are described in section 3.1. Sections 3.2 and 3.3 discuss the prepara­
tion procedures and operating conditions for the experiments.
3.1 Equipment
The combustion apparatus consists of combustion tube, product separation 
t ra in ,  gas sampling and associated measurement instrumentation. A detailed  
description of the equipment is given by Al-Shalabe (1985).
The combustion tube consists of a high pressure jacket and thin walled 
combustion tube. The combustion tube is surrounded with one band heater 
at the top of the tube to provide ign ition . A tape heater is wrapped around 
the combustion tube wall to maintain a near adiabatic condition during 
the run. Twelve thermocouples were welded at d if fe re n t levels onto the 
combustion tube w a ll. A further twelve thermocouples were positioned 
along the central axis of the sand pack by means of a thermocouple probe.
The separator and the condenser were used to co llect the condensed 
liqu id  products. Gaseous components which could not be condensed in 
the separator were mostly condensed in the condenser, due to cold water 
circu lation . At the bottom of both, there were shut-off valves to liqu id  
sampling containers which could be u t i l is e d  to co llect liqu id  samples 
during the combustion runs. In order to improve the condensation of 
the liquids associated with the produced gases, a th ird  separator was 
inserted in an ice bath.
Air
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Electronic  s ignal  l ines
Figure 3.1 Flow diagram o f the combustion tube assembly
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List of equipment shown in Figure 3.1Table 3.1
1. Compressed a i r  cylinder
2. Compressed nitrogen cylinder
3. Two stage regulators
4. Gas flow meters
5. Shut-off valves
6. In le t  and outle t control valves
7. Air by-pass valve
8. Air-water pressure regulator
9. Combustion reactor in le t  
pressure gauge
10. F i l te r
11. Combustion tube and 
pressure jacket assembly
12. Pressure control gauge
13. Gas e x it  lines
14. Combustion reactor back 
pressure regulator
15. Pressure regulator
16. Separator in le t  pressure 
gauge
17. Separators





22. Chromatograph in le t  pressure 
gauge
23. Gas chromatograph
24. Helium compressed cylinder
25. Wet tes t meter in le t  pressure 
gauge
26. Wet tes t meter
27. Band heater contro ller
28. Preheater power regulator
29. Selector unit
30. D ig ita l temperature display
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The water in jection system consists of a metering pump which delivers  
water d irec tly  to the top in le t  of the combustion tube. A non-return 
valve is insta lled  in the water line to prevent back flow of the gases 
into the metering pump. In order to control the pressure of the injected  
water to the combustion tube, a back pressure regulator (Series 30-10, 
provided by S c ie n tif ic  Glass Engineering) was insta lled  to the discharge 
line of the water metering pump.
A Pye Unicam series low gas chromatograph f i t t e d  with a thermal con­
ductivity detector head was used to analyse the composition of the gases 
produced. The analysis of gases is completed within a few minutes using 
the CTR column, which is packed with a blend of pore pack polymers in 
the inner column and molecule sieve 13X in the annular space. A gas 
f i l t e r  packed with 'Ind icating  D r ie r i te '  was insta lled  for the gas chroma­
tograph, in order to f i l t e r  out any non-gaseous components which may be 
carried by the produced gas, and to reduce the pressure of the gas samples 
before they are sent for analysis to the gas chromatograph.
3.2 Preparation Procedures
Seventeen combustion runs were reported, in which d if fe re n t additives 
have been used. These included runs with clay (kaolin),amorphous s i l ic a ,  
fe rr ic  oxide, and nickel chloride. In addition to these, three combustion 
tests were made using natural core matrix from the Lower Fars formation 
of the Kuwait o i l  f ie ld .  Three d if fe ren t crude o i ls  were used in the 
experiments, namely Maya Isthmus (Mexico), Maya (Mexico) and Cold Lake 
(Canada), as described in Table 3 .2 . The combustion tube was operated 
in a vertica l position in order to avoid gravity segregation e ffec ts ,  
which would occur i f  mounted in a horizontal position. The combustion 
tube was prepared for an experimental run by mixing the sand, water and 
oil manually in a container ir, atmospheric pressure and a t room tempera­
ture to y ie ld  the desired f lu id  saturation d is tr ib u tio n . The weight
36




Pour point, °C 
Sulphur, Mt %
Carbon residue, wt % 








at 40 °C, 11.42 















at 10 °C, 406 at 20 °C, 200,000















not available  
1.491
aBritish Petroleum Research Centre, Sunbury-on-Thames. Middlesex 
^Speight (1981) 'The Desulphurisation o f Heavy Oils and Residues' 
°Oil and Gas J . ,  V.81, N. 43, P. 88, 24th October, 1983.
lIbid. ,  data for topped o i l .
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ratio of crude o i l  to sand mixture provided an o i l  saturation of  
36.7-42.4%. The weight ra tio  of water to sand mixture, also, gave a 
water saturation of 5.93-9.37%. The porosity o f the mixtures varies 
from 29.1-39.6%.
The above mixture is tamped carefu lly  into the tube. Three to four 
grams of linseed o i l  is poured on the sand face. This was done 
because the high re a c t iv ity  of this o il yields a fast and uniform 
ign ition . The top end of the combustion tube is tightened. All 
the lines are connected, the e le c tr ic  switches turned on, and the 
necessary valves are opened. Nitrogen is injected at about 
0.5 l i t /m in  through the tube to get a complete displacement of the 
a ir .  The heating tape is turned on to raise the temperature of 
the pack. Then the band heater is turned on to raise the temperature 
of the in le t  face of the sand pack until the ignition zone has 
reached about 340-350 °C (about 650 °F). At this time, a ir  
injection is commenced at a flow rate of 0.8 l i t /m in  (48 x 10“3 
m3 (s t ) /h ) ,  which provide an a i r  flux of 14.57 m? (s t ) /h  m2.
In le t  a i r  pressure was .set a t 50 psig. Ignition is confirmed 
both by the temperature increasing of the in le t  face of the sand 
and by the increase in carbon dioxide, the appearance of carbon 
monoxide and a decrease in oxygen in the e x it  gas. The produced
gases are analysed by gas chromatography every 15 minutes and the 
gas volume is measured by the wet test meter. Produced liquids  
were collected from the sampling cylinders every hour. The wall 
and axial combustion temperatures were recorded as a funtion of 
time every 30 minutes. In case of wet combustion tests , water 
injection at a constant rate o f 50 x 10“6 m3/h [WAR = 1.0 m3/Mm3 (s t ) ]
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was commenced once the stabilised combustion front had travelled  
a distance of two thermocouple positions.
The run is terminated when the last thermocouple from the 
production end has reached a temperature of about 300 °C 
(572 °F). This is necessary in order to avoid coke formation 
on the mesh screen at the bottom of the tube, and prevent f i r e  
break-through in the production l in e . A ir in jection is  
switched to nitrogen injection and the sand pack is allowed 
to cool. All heaters and other e le c tr ic  devices are turned 
o ff .  Lines to the top of the combustion tube are disconnected.
The combustion tube is opened and the sand pack is removed.
Analysis of the data was begun. This included analyses of the 
liquids produced, and a complete material balance of a l l  material 
o rig in a lly  packed into the combustion tube. Samples from 
the combustion zone were weighed and then heated to determine 
the fuel remaining on the sand. The produced liquids were 
separated into o i l  and water by a centrifuge and each fraction  
was weighed. In those cases where emulsion had formed, a known 
quantity of toluene was added before centrifuging.
Information regarding the clay (kaolin) and amorphous s il ic a  
types used are given in'Tables 3.3 and 3.4.
3.3 Operating Conditions
A particu lar clay to sand ra tio  was selected fo r  each individual 
run and the average surface area is given in Table 3 .5 . The experimental 
conditions for the combustion tube runs are shown in Table 3.6.
The e ffec t of surface area on the crude o i l  combustion was studied 
using a wide range of specific surface areas. The experimental runs 
were conducted using mixtures of sand with 0, 2, 5, 10 and 15 wt %
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Table 3.3  
Analysis of clay (kaolin)
Shape powder
Specific surface area 12-14 m2/gm
Loss on drying 0.9%
Loss on ignition 12.7%
Chlori de < 350 ppm
Heavy metal < 20 ppm
Arsenic < 2 ppm
Soluble matter 4.6 mg/g
Coarse particles . 0.3 mg/g
Fine particles 76.2%
Supplied by Dearborn Chemicals Ltd.
Table 3U
Analysis of amorphous s i l ic a
Shape
Specific surface area 
partic le  size d istribution  







Nature: a mixture of microcrystalline and amorphous
particles
Supplied by Sigma Chemical Company
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Table 3.5 Specific surface areaiofsand pack
Composition of sand pack Specific surface area (m2/qm)
100% s i l ic a  sand 0.130
2% clay + 98% s i l ic a  sand 0.387
3% clay + 97% s i l ic a  sand 0.516
5% clay + 95% s i l ic a  sand 0.774
10% clay + 90% s i l ic a  sand 1.417
15% clay + 85% s i l ic a  sand 2.061
2% amorphous s i l ic a  + 98% s i l ic a  sand 0.167
5% amorphous s i l ic a  + 95% s i l ic a  sand 0.224
10% amorphous s i l ic a  + 90% s i l ic a  sand 0.317
13.75% amorphous s i l ic a  + 86.25% s i l ic a  sand 0.387
Table 3 .6  In i t i a l  experimental runs conditions
Sand
Clay type
Amorphous s i l ic a
Oil to (sand + clay) ra tio
Water to (sand + clay) ra tio
Pressure (maximum)
Gas flow rate 
Gas flux
WAR (fo r  wet combustion runs)
S ilica  sand (Buckland Sand)
Mesh size used = 52 
Surface area = 0.13 m2/gm
Kaolin (surface area = 12-14 m2/gm)




0.8 l i t /m in  = 48 x 10-3 m3(s-t)/h 
14.57 m3(st)/m 2 h 
1.0 m3/Mm3(s-fc)
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respectively, o f clay kaolin. The experiments were conducted with 
fixed WAR 1.0 m3/Mm3. The composition of the sand mixture was varied 
as shown in Table 3.7. Porosity of the porous media and o il saturations 
is shown in the same table . After these runs, i t  was decided to change 
the composition of the mixtures by substituting clay (kaolin) with 
amorphous s i l ic a .  The purpose of adding amorphous s il ic a  was to study 
the c a ta ly t ic  effects of clay on the in situ combustion process, and 
to see i f  a s im ilar behaviour could be obtained when amorphous s i l ic a ,  
which possesses a re la t iv e ly  large surface area, is added to the sand 
mixture. The compositions chosen for this investigation are given in 
Table 3.8. A 13.75% weight amorphous s i l ic a  was mixed with 86.25% weight 
s il ic a  sand to give an average surface area of 0.387 m2/gm, which is equi­
valent to the surface area provided when 2% weight clay is mixed with 
98% s i l ic a  sand (see Table 3 .5 ) .  The porosity and o i l  saturation of 
these sand packs are included in table 3.8.
Three experimental runs were conducted to find the minimum clay 
content in the sand mixture, which is necessary to self-sustain the com­
bustion fron t. In these runs, 1, 2 and 3 % weight of clay (kaolin) 
respectively, were added to the sand mixtures with Maya Isthmus crude
o i l .  In the f i r s t  two runs, a combustion front could not be sustained, 
while in the th ird  run, No.10 (3% kaolin ), a self-sustained combustion 
front was obtained. The in i t ia l  conditions for this experimental run 
are given in Table 3.9 •
Table 3.10 shows the properties of sand mixture when Cold Lake crude 
oil is used with s i l ic a  sand only. This experiment was conducted to 
show that for heavy crude o i l ,  self-sustained combustion fronts could 
be established in the absence of kaolin in the sand pack mixture.
Table 3.7 Sand mixture characteristics of clay runs
Run No. Composition of sand pack Crude o il type type of combustion Porosity (%) Oil saturation (%)
1 100% s il ic a  sand Maya wet 36.0 40.0
2 2% clay + 98% s il ic a  sand Maya wet 33.70 - 39.5
3 5% clay + 95% s il ic a  sand Maya wet 33.80 40.35
4 10% clay + 90% s il ic a  sand Maya wet 35.79 40.92
5 15% clay + 85% s il ic a  sand Maya wet 36.89 40.0
Table 3.8 Sand mixture characteristics of amorphous s il ic a  runs
Run No. Composition of sand pack Crude o il type Type of combustion Porosity (%) Oil saturation ( * )
6 2% amorphous s i l ic a  + 
98% s il ic a  sand
Maya wet 29.20 40.40
7 5% amorphous s i l ic a  + 
95% s il ic a  sand
Maya wet 28.34 38.12
8 10% amorphous s i l ic a  + 
90% s il ic a  sand
Maya wet 29.96 40.33
9 13.75% amorphous s i l ic a  +
Maya wet 35.25 40.77
86.25% s il ic a  sand
*IO
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Table 3.9 The properties of sand mixture for Run 10
Crude o il gravity , °API 32.4
Type of combustion dry
Porosity, % 33.0
Clay content, % weight ’ 3
Oil saturation, % 36.65
Table 3.10 The properties of sand mixture for Run 11
Crude o il g rav ity , °API 10.2
Type of combustion wet
Water a i r  ra t io ,  m3/Mm3(s t)  1.0
Porosity, % 31.92
Clay content, % weight 0
Oil saturation, % 39.59
A natural core from the Lower Fars formation of Kuwait o i l  f ie ld  has
been studied. The core was old and contained aged hydrocarbons of approxi­
mately 18.0 °API gravity. Data concerning this core and the experimental 
conditions are shown in Table 3 .11. The o i l  saturation was measured and 
found to be approximately 20%. Evidently, the re la t iv e ly  low saturation 
was affected by exposed storage over a long period. This is undesirable, 
and fresh cores recommended for future experimental study.
Comparison of the sieve analysis for the core sand and the Buckland 
sand is shown in Table 3.12. The natural core was analysed using X-ray 
d iffrac tion  and was found to contain 95% quartz, and approximately 5% 
weight clays and fines. I t  was packed into the combustion tube with 
restored saturation of o i l  and no d i f f ic u l ty  was experienced in maintaining 
a combustion front.
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Table 3 .11 Data summary of natural core and experimental run conditions 
(Run 12)______________________________________________________
Formation 






Sand, fine-medium grained, loose, rounded, 
very good porosity (36.48%), o i l  saturated
Specific gravity of 
in i t ia l  o i l  in place*
Core mineral content, %
Oil o r ig in a lly  in 
pack, gm
Oil saturation in 
pack, %
Porosity of pack, %
Air f lu x ,  m3(s-t)/m2 h





























*Data provided by Kuwait Oil Company, Geological Department.
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In Run 13, a mixture of 25% weight of natural core and 75% weight 
of s i l ic a  sand has been made with Maya crude o i l .  The clay and s i l t  
content in this mixture was approximately 1% and the conditions for this  
run are given in Table 3.13.
Three combustion tube tests were made using 35% oxygen, with a constant 
(02 + N2) flux of 14.57 m3(st)/m 2 h. The purpose was to provide an under­
standing of the e ffec t of oxygen enrichment. The conditions for these 
runs are given in Table 3.14.
As mentioned previously, crude o ils  and sand matrix usually contain 
a trace amount of metals, typ ica lly  vanadium, nickel and iron. Parker
(1963) found that the combustion temperature can be decreased and the 
combustion reaction can be speeded up by the addition of iron-containing 
compounds to sand matrix. Three experimental runs have been conducted 
to investigate the e ffec t of fe rr ic  oxide and nickel chloride additives.
The technical information of these two additives are reported in Table 
3.15. These metal compounds used were in the form of fine powders. In 
Run 19, 1% weight of fe rr ic  oxide added to the sand mixture in addition 
to 2% clay (kaolin) already mixed with the s i l ic a  sand. The experimental 
conditions are shown in Table 3.16.
Grim (1962) mentioned that the surface of kaolin clay provides adequate 
cata lytic  a c t iv ity  for the oxidation of hydrocarbon, and i t  is only necessary 
to activate the clay to produce a commercial product. Acid treatment of 
the clay is required using sulphuric acid. In this investigation, the 
kaolin sample was placed in a beaker, together with sulphuric acid. The 
sample is leached for a few minutes and heated to 150 °C for approximately 
two hours. After acid treatment, the mixture was washed with d is t i l le d  
water repeatedly, and the sample was f in a l ly  dried.
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Table 3.13 Sand pack properties and experimental condtions for Run 13
Sand mixture 75% wt s i l ic a  sand + 25% natural
Clay content 1% from the natural core(L.Fars)
Crude o il grav ity , °API 22.1
Water a i r  ra t io ,  m3/Mm3(s t) 1.0
Oil saturation of pack, % 37.93
Porosity of pack, % 32.8
Oxygen in injected gas, % 21
Table 3,14 Condition of experiments conducted with 35% 0?
Run 14 Run 15 Run 16
Crude o i l  g rav ity , °API 22.1 10.2 22.1
Type of combustion dry wet wet
Water a i r  ra t io ,  m3/Mm3(s-t) 0 1.0 1.0
Oil saturation of pack, % 39.46 39.53 39.01
Porosity of pack, % 30.07 31.92 29.51
Clay content, % 5 0 1*
*The clay content is from the natural core. The sand mixture for this  




fe r r ic  oxidet
Propertis of nickel chloride and fe rr ic  oxide
NiCl2 .6H20 
Minimum purity 99%




Water insoluble < 0.001%
Ir o n ( I I I )  oxide Fe203
Molecular weight 159.69
Minimum assay 95%
Maximum lim its  of impurities 
loss at 600 °C n
Water soluble matter 1%
Arsen (as)
RT: room temperature 18-30 °C
*Provided by Hopkin & Williams L td .,  Chadwell Heath, Essex 
■^Supplied by BDH Chemicals L td .,  Poole.
48
Table 3.16 Experimental conditions for m etallic  additive runs
Run 17 Run 18 Run 19
Crude o il g rav ity , °API 22.1 22.1 22.1
Wateriair ra t io ,  m3/Mm3(s-fc) 1.0 1.0 1.0
Oil saturation in pack, % 42.4 40.5 38.6
Porosity of pack, % 39.6 37.5 30.9
Clay content, % 0 0 2
M etallic  additives content, % 1+ 1* 1+
A mixture of 1% weight of kaolin treated with sulphuric acid and
s i l ic a  sand is packed into the combustion tube. A fa s t,  self-sustained
combustion front was obtained. The experimental conditions are shown in 
Table 3.17.
Table 3.17 Experimental conditions for Run 20 using kaolin
treated with acid
Crude o il  grav ity , °API 22.1
Water:air ra t io ,  m3/Mm3(s t)  1.0
Oil saturation, % 37.37
Porosity of pack, % 33.72





Clay and Amorphous S il ica  Additives
Introduction
The in situ combustion process is affected by the inclusion of 
clays and other mineral compounds, which are incorporated into the sand 
matrix. In this study, the specific additives of interest are kaolin 
and amorphous s i l ic a ,  both of which have a high specific surface area. 
These material additives can have an important influence on the behaviour 
of the combustion process.
Twelve combustion tube runs using Maya Isthmus, Maya, and Cold 
Lake crude o i ls ,  were carried out to investigate the e ffec t of kaolin 
and amorphous s i l ic a  addition in the sand pack. The investigations 
concentrated on the e ffec t of varying the amount of additive in the 
sand pack, the e ffec t of acidising the kaolin, and the minimum level 
of kaolin necessary to sustain the combustion front.
The measured parameters for the in situ combustion experiments 
include the temperature profiles along the sand pack, fuel consumption, 
combustion front ve loc ity , carbon combustion ra te , and a ir  requirement.
In addition, the characteristics and properties of kaolin, amorphous 
s i l ic a ,  and acidised kaolin were studied using scanning electron 
microscopy (SEM), mineral composition analyses and ca ta lytic  a c t iv i ty .
4.1 Temperature Profiles
Figures 4.1 to 4.12 show the temperature profiles established along 
the length of the sand pack, covering twelve experiments (Runs 1-11, 
and 20). The detailed temperature data for each combustion experiment 
are given in Appendix A. Temperature profiles taken at various times 
show the high temperatures behind the combustion fro n t, the peak tem­











Clay content 0 %  Maya crude
W.A.R. 1*0 m1/M m 1 ( s t ) In jec ted  gas: 02 content 21%














■®“— © 0-OhrsTop of sand
0*7 0-80 0-60*4 0*50*1 0-2 0-3
distance along combustion tube(m)











Clay content 2 % (Kaolin) Haya crude
W.A.R. 1*0 mV Mm* ( s t ) Injected gas:0t content 21%












0-70*1 0-5 0*60*3 0-40 0-2
Distance along combustion tube(m)












Clay content 5 %  (K a o l in )  Maya crude
W.A.R. 10m */ Mm* Cst) In jected  gas:Ot content 21%















0*90-70-60*2 0-3 0-50 0-1
Distance along combustion tube(m)











Clay content 10% (K ao lin ) Maya crude
W.A.R. 1*0 e^/Mm* (s t )  In je c te d  gas: 0t content 21%












0*0 hrsTop of sand
0*80-70-2 0-4 0-50-30 0-1
Distance along combustion tube(m)











Clay content 1 5 % (Kaolin) Mayo crude
W.A.R. 10  m 7M m *(s t) In jec ted  gas: 0t content 21%












0*60*5 0*6 0*70*1 0*2 0*30
Distance along combustion tu b e (m )












Amorphous silica content 2%  Maya crude
W.A.R. 1*0 m1/M m *(s t)  Injected gas:04 content 21%














0*0 hrsTop of sand
0*80 0*3 0-4 0*5 0*6 0*70*2
Distance along combustion tube (n )












Amorphous silica content 5 %  Maya crude
W.A.R. 1*0 Injected gas: 0t content 21V*













0-00 0*6 0-70-1 0*2 0-3
Distance along combustion tube(m)











Amorphous silica content 10% Maya crude
W.A.R. 1 0 m '/M m *(s t)  In jected gas:02 content 21%






150 7* 5 hrs
100 2-5hrs
Top of sand
0 0-1 0-2 0-3 0-6 0-80*5 0*7
Distance along combustion tube(m)











Amorphous silica content13*75%  
W.A.R. 1-0 m’ /M m ' ls t )
Air flux K *5 7  m'fstl/m^hr
Maya crude













0-7 0-80-4 0-5 0 60-20 0-1
Distance along combustion tube(m)











Clay content 3•/•(Kaolin )  
Dry
Air flux 14*57 m '(s t) /m *h r
Maya Isthmus













0-7 0-60-3 0-5 0-60-10
Distance along combustion tube(m)












Cloy content 0 %  Cold Lake
W.A.R. 1-0 m, /Mm*(st) Injected gas: 04 content 21%












0-6 0-7 0-60*1 0-3 0*4 0-50-20
Distance along combustion tube(m)










Clay content 1 % (Kaolin a fter  acid treatm ent)
WAR. 1 ' 0 m * / M m ' ( s T ]  M a y a  crude











0 * 0 h r s
Top of sand
0*70*6 0*80 0*50*1 0*30*2
Distance along combustion tube (m)
Figure 4.12 Temperature p ro file  through combustion tube (Run 20)
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through and ahead of the reactive zone. The peak temperatures observed 
along the axis of the sand pack provide a good basis for estimating 
the combustion front position.
The variation in peak temperature, as the combustion front moves 
through the sand pack, is partly due to heat losses from the combustion 
zone. Most of the heat generated by exothermic reaction is converted 
downstream of the combustion front, but a s ignificant heat loss can 
also occur rad ia lly  through and along the combustion tube wall. The 
peak combustion temperatures are dependent on fuel properties and com­
position, as well as a i r  flux. Therefore, any change in these factors  
w il l  also lead to variation in peak temperature.
In Figures 4 .2 , 4 .3 , 4.8 and 4.9 (Runs 2, 3, 8 and 9 ), the in i t i a l  
high temperature occurring two to four hours a fte r  ignition is mainly 
due to the preheating effect of the top band heater tube. However, 
the peak temperature tends to increase throughout each run by 2-7%. 
Convected heat transfer by the a i r  and water vapour passing through 
the burnt upstream section of the bed is mainly responsible for this  
e f fe c t ,  transferring heat downstream of the combustion zone.
I n i t i a l l y ,  the temperature of the sandpack is raised approxi­
mately 50 °C. The top band heater is then used to increase the 
temperature of the top section of the sandpack to about 330 °C, in 
order to achieve ignition of the crude o i l .  Air injection is commenced 
at this point. These effects are demonstrated in Figure 4.1, for  
example, where the eventual onset of ignition (top of the sandpack) 
occurs at approximately 380 °C. Figure 4.1 (Run 1) shows that a s e l f ­
sustained combustion front in the range 450-470 °C moves slowly down­
stream, reaching a maximum temperature of 480 °C at 5 hours after  
ignition .
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In Runs 2, 3 and 4 (Figures 4 .2 , 4.3 and 4.4 respectively), the
shape of the tmeperature profile  is the same as that for Run 16
(Figure 4 .1 ) .  During these wet combustion runs, however, the pro file
becomes steeper behind the combustion zone.
On the other hand, the shape of the temperature pro file  in
Figure 4.5 (Run 5) shows a d ifferent trend to the other runs. This is
most probably due to the presence of 15% kaolin in the sandpack which
leads to a higher fuel consumption, and hence a higher combustion
peak temperature. However, at the combustion fron t, the heating tape
was not capable of generating a high enough temperature and so the
combustion temperature drops sharply ahead of the front.
The shape of the temperature profiles in Figures 4 .6 , 4.7 and 4.8
exhibits a s im ilar trend for which a d ifferent percentage of amorphous
s il ic a  was used. However, the temperature profiles during Run 9
(Figure 4.9) are d iffe ren t and represent a more d istinctive  combustion
steam zone formed at 7.5, 10.5 and 12 hours a fte r  ign ition . These are
re la t iv e ly  the same as those obtained in Run 20 (Figure 4.12).
A drop in combustion peak temperature was observed at the end of
Runs 10 and 11 (Figures 4.10 and 4.11). This is attributed to the
severe problems which were encountered towards the end of the run when
heat losses became large due to conduction through the tube bottom
flange.
The e ffec t of adding clay (0, 2, 5, 10 and 15% kaolin) to the sand 
matrix is shown in Figures 4.1 to 4.5. The temperature profiles in 
these tests are quite sim ilar, butthe average peak temperature increases 
generally with clay content, which is due to the fact that clay material 
possesses a very high specific surface area which promotes fuel deposition. 
Increased fuel consumption (Table 4.3) gives rise to an increase in 
combustion temperature. However, a self-sustained combustion front 
was achieved in Run 1, when clay was absent. Evidently, therefore, 
suffic ient thermal/catalytic cracking of Maya crude o il s t i l l  occurs 
in this case.
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Adding 2, 5 and 10% of amorphous s i l ic a  to the sand pack produced
no s ign ificant change in peak temperatures. During Runs 6, 7 and 8
(Figures 4.6 to 4 .8 ) ,  the average peak temperatures are 472, 469 and 
472 °C, whereas an increase from 2 to 10% kaolin increased the average 
peak temperature by 15 °C.
When 13.75% amporphous s il ic a  is used (Run 9 ) ,  the peak temperature 
a fte r  six hours from ignition reduced from 435 to 400 °C. This is 
attributed to a reduction in fuel consumption ahead of the combustion 
front. Hence, the combustion temperature is reduced.
Two other crude o ils  were used. F i rs t ly ,  for Maya Isthmus crude
oil (Run 10), a self-sustained combustion front was obtained when a 
minimum of 3% wt of kaolin was added to the sand pack. The combustion 
front temperature is v ir tu a l ly  constant throughout the experiment at 
486 °C, as shown in Figure 4.10. Secondly, for Cold Lake crude o i l  
(Run 11), in which no clay additives were used, a self-sustained com­
bustion front was obtained as well. Figure 4.11 shows that the com­
bustion front temperature to decline as i t  approached the end of the 
sand pack. This is due to the low fuel laydown ahead of the combustion 
fro n t, as explained previously for Run 9. Water in jection can also 
exert an e ffec t  on the front temperature, i f  fuel a v a i la b i l i ty  is in ­
su ff ic ie n t to maintain a high combustion temperature.
Figure 4.12 i l lu s tra te s  the e ffec t when using 1% wt of kaolin which 
has been treated with sulphuric acid. In this case, the average peak 
temperature was only 415 °C. This low value could be due to the acidised 
kaolin acting as a catalyst, causing a reduction in the activation energy 
(Drici and Vossoughi, 1985) and shifting  the reaction to a lower tem­
perature.
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A steam plateau is defined as a f l a t  temperature region ahead of 
the combustion fron t. I t  is formed as a result of the combustion which 
generates heat as i t  moves through a porous medium. A narrow steam 
plateau is observed in Figures 4.2 and 4.4 (Runs 2 and 4 respectively), 
but a much more d is tinc tive  steam plateau occurs in Figures 4 .1 , 4.3 
and 4.5 (Runs 1, 3 and 5 respectively). For Run 10 (Figure 4 .1 0 ) ,  
the steam plateau which occurs a fte r  ignition is not fu l ly  established, 
but does s tab ilise  at a temperature of 123 °C. A d istinctive  steam 
plateau is shown in Figure 4.12 (Run 20), as evidenced by the f l a t  p ro fi le  
occurring 1.5 hours a fte r  ign ition . The average temperature of the 
steam plateau is 120 °C.
4.2 Carbon Combustion Rate
The carbon combustion rate was calculated from cumulative plots 
of cabron burned against time. Figure 4.13 shows a typical carbon 
combustion p ro fi le  for Run 5. Data for other experiments are given 
in Table 4.1. The instantaenous cumulative carbon burned for a l l  runs 
is lis ted  in Appendix B. The carbon combustion rate achieves a constant 
value shortly a f te r  the combustion front was fu l ly  established, ty p ica lly  
one to two hours a f te r  ign ition .
Figure 4.14 shows the carbon combustion rate when d iffe ren t amounts 
of clay (kaolin) and amorphous s i l ic a  are used. This shows that the 
carbon combustion rate increases by approximately 0.05 gm/h/% clay.
Carbon combustion rate does not change s ig n if ican tly  in the presence 
of amorphous s i l ic a .  However, Run 19 (13.75% amorphous s i l ic a )  reveals 
a d iffe ren t behaviour. In this case, an appreciably low carbon combustion 
rate of 4.0 gm/h is achieved, and this is consistent with the lower 
peak combustion temperatuer of 431 °C (as discussed in the previous 



















Crude oils Maya ( 22*1 A P I )
W A R = mV M m1 (st)
C(ay confent= 15% (kaolin)





4 5 6 7 8
T im e (h r s )
Typical carbon combustion rate curve (Run 5)
0>01
_J_________ I_________ I---------------- 1
9 10 11 12
Table 4.1










Guvenir (1980) Io la (19.3 °API)
Al-Shalabe (1985) Maya Isthmus
Adewusi (1986) Maya
Effect of Additives on Carbon Combustion Rate
WAR Additive Content
[m3/Mm3 (s t ) ]





1.0 2% amorphous s il ic a
1.0 5% amorphous s i l ic a
1.0 10% amorphous s il ic a
1.0 13.75% amorphous s il ic a
dry 3% kaolin
1.0 0%





15% amorphous s il ic a
3.75 5% kaolin
3.75 . 10% kaolin
2.5 5% kaolin
dry 10% amorphous s il ic a
dry 8.4% kaolin
6.3 8.4% kaolin










































Guvenir(1980), Kaolrnite, Dry, Io la  
Al Shalabe(1985),Kaolin,Maya Isthmus 





Additives Content ( % )
Effect of additives on carbon combustion rate
68
The carbon combustion rates obtained for Runs 1-11 and 20 l i e  in 
the range of 4 .0 -4 .75  gm/h. Values obtained by Guvenir (1980), Al- 
Shalabe (1985) and Adewusi (1986) were respectively, 6 .8-16.6 gm/h,
2 .3-3 .6  gm/h and 2.9-3.1 gm/h (Table 4 .1 ) .  The results of Adewusi's 
work could have been affected by high heat losses, due to a thick wall 
combustion tube design. Guvenir's results are generally much higher 
than those obtained in the present work. Different equipment and
operating conditions may be s ign ificant. Al-Shalabe carried out a l l
of her experiments using the same equipment used in this work. However, 
she used a d if fe re n t  o i l  to sand ra tio  (11.2%), which is probably the 
reason for her s l ig h t ly  lower carbon combustion rates. The o il to 
sand ra tio  used in the present work was 7%.
4.3 Combustion Front Velocity
The combustion front velocities which are obtained from the tem­
perature profiles  are lis ted  in Table 4.2. Figure 4.15 represents 
a typical plot of front position versus time for Run 11. This demon­
strates an overall linear trend.
The precision with which the front velocity can be estimated from 
the combustion temperature p ro file  (peak temperatures) is very much 
influenced by the spacing of the temperature pro f i le ' .  However, even 
though some localised inaccuracy is evident from the plot (Figure 4 .13 ),  
a reasonable prediction is possible because of the averaging e ffec t  
over the experiment.
Figure 4.16 shows the e ffec t of clay content on the combustion 
front ve loc ity . When up to 2% kaolin is used, there is a sharp fa l l  
in the combustion front velocity . At high concentrations, the velocity  
decreases at a constant ra te , which is estimated to be 0.1 m/h/% clay. 
Using 1% acidised kaolin, however, the combustion front velocity is 
much lower compared with 1% unacidised clay. This is estimated to
Table 4.2 Effect of Additives on Combustion Front Velocity
Run No. Crude Oil WAR Additive Content Combustion Front
[m3/Mm3 (s t ) ] ( m/h)
1 Maya 1.0 0% 0.11
2 ii 1.0 2% kaolin 0.075
3 ii 1.0 5% kaolin 0.0675
4 ii 1.0 10% kaolin 0.0525
5 n 1.0 15% kaolin 0.0375
6 Maya 1.0 2% amorphous s il ic a 0.06
7 H 1.0 5% amorphous s i l ic a 0.055
8 n 1.0 10% amorphous s il ic a 0.046
9 n 1.0 13.75% amorphous s il ic a 0.04
10 Maya Isthmus dry 3% kaolin 0.04
11 Cold Lake 1.0 0% 0.0525
20 Maya 1.0 1% acidised kaolin 0.045
Guvenir (1980) Io la (19.3 °API) dry sand only 0.055
15% clay 0.033
15% amorphous s il ic a 0.052
Vossoughi etal( i 985)Iola (19.8 °API) dry 15% s il ic a  powder 0.042
A1 -Shalabe (1985) Maya Isthmus 3.75 5% clay 0.1524
3.75 10% clay 0.0965
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be 0.08 m/h.
For amorphous s i l ic a  combustion runs (6 to 9 ) ,  the combustion 
front velocity is lower than clays (Figure 4.16) and decreases with 
increased amounts of amorphous s i l ic a  additives (0.14 m/h/% amorphous 
s i l ic a ) .  This is due to the higher fuel consumption obtained with 
amorphous s i l ic a  additives (see next Section).
The agreement between results obtained in the present work and
those obtained by other studies (Table 4.2) is satisfactory. Figure 
4.16 shows the values obtained by Guvenir (1980), which concluded that 
the combustion front velocity decreases with increasing clay content 
of the sand mixture. The only discrepancy in his work was the rather 
large difference observed for the two 5% clay runs. This was a t t r i ­
buted to the difference in packing density.
Al-Shalabe (1985) observed s im ilar trends for kaolin with Maya
Isthmus crude o il (WAR of 3.75 m3/Mm3). The combustion front velocity
decreased from 0.152 to 0.097 m/h when clay content was increased 
from 5 to 10% kaolin.
Values of combustion front velocity for amorphous s il ic a  in the 
present work are in the range 0.04-0.06 m/h. This range is consistent 
with values reported by Al-Shalabe (1985), Vossoughi et at. (1985) and 
Guvenir (1980) for 10 and 15% amorphous s i l ic a .
4.4 Fuel Consumption
The primary fuel for combustion is obtained from thermal cracking 
of the o i l  on the sand matrix. When residual o i l  in the steam zone 
is exposed to high temperature, carbon-rich with 'coke' is deposited 
on the sand surface. The amount of fuel present per unit bulk volume 
of reservoir is an extremely important parameter in combustion operations,
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for i t  generally determines the a i r  required to burn a unit bulk volume 
of reservoir. Fuel consumption then over the stabilised period is 
normally defined as follows:
_ . . . /* , o % fuel burned (kgm)Fuel consumption ( kg/mJ) = ---------------------------------- —------------------
volume of combusted section (m3)
E arlie r  in situ combustion studies concluded that o i l  gravity ,  
original o il saturation, and rock properties (especially containing 
clay) had a major e ffec t on fuel deposition (Mckay, 1982). Clays, 
which have a very large specific surface area, promote the deposition 
of a thin layer of carbon on the sand grains. As shown in Table 4.3 
and Figure 4 .17, a noticeable increase in fuel consumption results 
from the addition of clay to the sand pack. There is an overall linear  
relationship between clay content and fuel consumption and this can 
be represented simply by: fuel consumption = A (% kaolin) + B, where
A = 0.55 and B = 12.5
On the other hand, amorphous s i l ic a ,  which has a specific surface 
area of 2 m2/gm, compared with 12-14 m2/gm for kaolin, also exhibits  
sim ilar behaviour as kaolin, but represented a curve with concave 
shape (Figure 4.17). As shown in Table 4 .3 , the highest fuel con­
sumption value of 29.43 kg/m3 was obtained with acidised kaolin. This 
is attributed to the higher surface area of the acidised kaolin.
In Run 10 (dry ), where Maya Isthmus crude o i l  was used and a 
minimum of 3% kaolin was added to the sand pack to sustain the combustion 
fro n t, fuel consumption of 21.4 kg/m3 is obtained. For Run 11 (WAR
1.0 m3/Mm3) ,  in which Cold Lake crude o il  and s i l ic a  sand alone were 
used, a lower fuel consumption of 15.2 kg/m3 is obtained. This is 
due to the e ffec t of the water in jected, which was believed to produce 
a substantial reduction in fuel consumption (Al-Shalabe, 1985).
Table 4.3 Effect of Additives on Fuel Consumption
Run No. Crude Oil WAR Additives Content Fuel Consume
[M3/Mm3 (s t ) ] (kg/m3)
1 Maya 1.0 0% 12.4
2 ii 1.0 2% kaolin 14.3
3 H 1.0 5% kaolin 14.6
4 n 1.0 10% kaolin 17.9
5 ii 1.0 15% kaolin 20.9
6 Maya 1.0 2% amorphous s il ic a 16.22
7 ii 1.0 5% amorphous s il ic a 17.88
8 ii 1.0 10% amorphous s il ic a 19.91
9 ii 1.0 13.75% amorphous s il ic a 27.60
10 Maya Isthmus dry 3% kaolin 21.42
11 Cold Lake 1.0 0% 15.19
20 Maya 1.0 1% acidised kaolin 29.43
Ejiogu et al. , Pembina (37 °API) dry 10% clay 26.14^iy/o; 2.67 5% clay 18.81
Guvenir (1980) lola (19.3 °API) dry 0% 2.54
15% clay 6.41
15% amorphous s il ic a 4.80
10% clay 4.9
Al-Shalabe (1985) Maya Isthmus 3.75 5% clay 6.10
3.75 10% clay 8.0
dry 10% amorphous s il ic a 18.57
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Figure 4.17 Effect of additivies on fuel consumption
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The fuel consumption values reported in Table 4.3 for the present 
work are higher than those which were obtained by Guvenir (1980) and 
Al-Shalabe (1985). However, they compare favourably with those obtained 
by Ejiogu et al. (1979). In Guveiner's study, the fuel consumption 
in the sand mixture with 15% s i l ic a  powder was almost equal to that 
in the sand mixture with 10% clay. Even though s il ic a  powder has 
a large surface area (1.5 m2/g. ) ,  i t  is s t i l l  smaller than the reported 
surface area of clay (2-20 m2/g ) .  The fuel consumption increased 
with increasing clay content. I t  was concluded that the large surface 
area of the clays is a major contributor to the fuel consumption process.
In Al-Shalabe's study the fuel consumption increased from 6.1 
to 8.0 kg/m3 when the clay content increased from 5 to 10% kaolin 
(Table 4 .3 ) .  I t  can be seen that using 10% amorphous s il ic a  has 
a s lig h tly  lower value of fuel consumption than using 5% kaolin. This 
was attributed to the higher surface area of the kaolin (13 m2/g)  
as against only 2 m2/g for the amorphous s i l ic a .
4.5 Air Requirement
The amount of a i r  required to propagate the combustion front  
through sands formation depends primarily on determined combustion 
requirements. Usually, i t  is defined as follows:
a i r  consumed [m3 (s t ) ]
a i r  requirement [m3 (s t) /m 3] =
volume of combusted section (m3) 
Additionally , other quantities can be defined:
a i r  fuel ra tio  (AFR) = a i r  consumejiJmMst) ]
fuel burned (kg)
which relates amounts of a ir  required to the fuel burned. An im­
portant economic indicator is the a i r  to o il ra tio :
^qR _ a i r  consumed [m3 (s t ) ]  
volume of o il produced (m3)
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The a ir  requirement is based on a combustion efficiency of 100%, i.e., 
a ll  the oxygen injected is consumed. Table 4.4 reports the vlaues 
of a i r  requirement, AFR and AOR obtained for Runs 1-11 and 20, where 
various amounts of kaolin and amorphous s i l ic a  are used. The AFR
t* -t—‘A,
values vary only very l i t t l e  over the range 9.17-11.10 m3/m3, wlfich 
is consistent with Mckay's (1982) finding that AFR is re la t iv e ly  con­
stant.
In Figure 4.18, the a i r  requirement shows a gradual increasing 
trend as the percentage of kaolin increases, which is approximately 
l inear. A sim ilar trend is observed for amorphous s il ic a  up to 
about 10%, but the a ir  requirement increases more markedly beyond 
this point. This is due to the larger fuel deposition, and con­
sequently, greater a i r  requirement to consume this fuel.
The e ffec t  of kaolin on AOR is similar to that for a ir  requirement, 
but the data are much more scattered (Figure 4 .19). In contrast,
AOR increases very steeply beyond the 10% additive level when amorphous 
s il ic a  is used. Both a ir  requirement and AOR are higher with amorphous 
s il ic a  compared with kaolin, which is due to the greater fuel consumption 
e ffec t.
The highest a ir  requirement value is achieved in Run 20, in 
which acidised kaolin was used. The exposure of the kaolin la t t ic e  
when i t  is treated with acid enhances the specific surface area. 
Accordingly, fuel deposition is promoted and fuel consumption is in ­
creased.
The values of a ir  requirement AOR and AFR in the present work 
and those obtained by other investigators are shown in Table 4.4. 
Showalter (1963) found that a i r  requirement increases as heavier crude 
o il is used. Vossoughi et al. (1982) observed that a ir  requirement
Table 4.4 Effect of Additives on Air Requirement, AFR and AOR
Run No. Crude Oil WAR Additives Content Air Requirement AFR AOR
[m3/Mm3 (s t ) ] [m3 (st)/m 3] [m3 (s t) /k g ]  [m3 (st)/n
1 Maya 1.0 0% 130.3 10.5 1401.9
2 ii 1.0 2% kaolin 153.5 10.7 1713.6
3 ii 1.0 5% kaolin 162.77 11.1 1356.1
4 n 1.0 10% kaolin 191.4 10.7 1938.4
5 n 1.0 15% kaolin 199.27 9.51 1740.4
6 Maya 1.0 2% amorphous s il ic a 158.7 9.78 1784.2
7 ii 1.0 5% amorphous s il ic a 180 .'8 10.11 1670.3
8 ii 1.0 10% amorphous s il ic a 200.3 10.06 1813.0
9 ii 1.0 13.75% amorphous s il ic a 302.2 10.95 3283.6
10 Maya Isthmus dry 3% kaolin 246.06 11.49 2220.4
11 Cold Lake 1.0 0% 139.23 9.17 1620.7
20 Maya 1.0 1% acidised kaolin 328.1 • 11.13 2847.6
Showalter 11 °API dry 3.6% clay 510 10.6 -
(1963) 17 °API dry 3.6% clay 285 12.7 -
30 °API dry 3.6% clay 195 12.2 -
Vossoughi lola (19.3 °API) dry 0% 198.1 - -
et at,(1982) 5% clay 227.0 - -
10% clay 265.8 - -
15% clay 330.1 - -
15% amorphous s il ic a 209.6 - -
Ejiogu et al. Pembina (37 °API) dry 5% clay 189.9 10.1 2064.8
(1978) 2.67 10% clay 292.3 11.3 3389.3
Al-Shalabe Mava Isthmus 3.75 5% kaolin 72.2 12.14 540.2
(1985)
* 'W  1 U  A J  1* 1 11IIV 4 O
3.75 10% kaolin 92.2 11.52 677.2
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increases with increasing clay content in the sand mixture. The only 
discrepancy is for the two 5% clay runs. As discussed e a r l ie r ,  sand 
pack density of the second run was larger than the f i r s t ,  which conse­
quently produced a larger amount of fuel per unit length of the tube. 
This slowed down the combustion f ro n t ,  which, in turn, increased the 
a ir  requirement. The a i r  requirement of the mixture with s i l ic a  powder 
was less than that of clay mixtures. Al-Shalabe (1985) also observed 
a s im ila r /e f fe c t  o f.c lay  on a i r  requirement that increasing the clay 
content from 5 to 10% increases the a i r  requirmenet from 72 to 92 m3/m3 
due to increased fuel a v a i la b i l i ty .
4.6 Discussion
An increase in e ither the amount of kaolin or the amount of amor­
phous s i l ic a  in the sand matrix increased fuel consumption. This 
gives rise to an increase in a ir  requirment, carbon combustion rate  
and also combustion peak temperatures. The net process e ffec t is 
a decrease in the combustion front velocity. Thus in situ combustion 
process is s ig n if ica n tly  influenced by the composition of the porous 
matrix when additives in the form of clays and amorphous s i l ic a  are 
present.
The precise effects  of porous medium in the in situ combustion 
process are complex and include both physical surface area influences 
as well as modification of reaction kinetics. The large surface area 
of the clay and amorphous s i l ic a  materials is the major factor affecting  
the fuel consumption process. Although the surface area of kaolin 
(13 m2/g ) is higher than that of amorphous s il ic a  (2 m2/g ) ;  more fuel 
being consumed in the la t te r  case. This suggests that not only is the 
a v a i la b i l i ty  of the surface area important, but also the nature of  
the surface area has a very s ign ificant e ffec t on the fuel consumption 
process.
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The nature of surface area for kaolin and amorphous s il ic a  material 
has been studied by SEM. Figures 4.20 and 4.21 show details of the 
surface of these two materials using this technique. Amorphous 
s il ic a  has a granular shap with an open porous structure. Kaolin, 
on the other hand, has a f l a t ,  p la te - l ike  structure which is more 
closed, or t ig h t ly  structured. The fuel deposition process in a porous 
media containing clays arises from cracking of the large hydrocarbon 
molecules within the intrapore space of the partic les. I t  is expected, 
therefore, that kaolin w il l  provide a greater diffusional resistance 
to oxygen, compared with amorphous s i l ic a .  Thus more fuel should 
be consumed when amorphous s i l ic a  is used, due to its  lower resistance 
to oxygen diffusion. Buesse (1971) showed a similar behaviour by 
using quartz sand and glass-spheres in a number of combustion experiments. 
Similar observations have also been reported by Guvenir (1980) and 
Al-Shalabe (1985).
Certain mineral impurities, such as iron and nickel present in 
the porous media, could also a ffec t the fuel content. The kaolin 
contains 330 ppm chloride and 20 ppm heavy metals (analysis supplied 
by Dearborn Chemicals L td .) .  The amorphous s il ic a  composition is 
approximately 99% Si02 , with no precise understanding of what other 
compounds were present, but i t  is l ik e ly  i t  contained amounts of iron 
and other metal compounds. These metals are known to deposit on the 
surface of porous substances and can in terfere  with reaction mechanics 
a c t iv i ty .  The metal content of the clays and amorphous s i l ic a  is ,  
however, re la t iv e ly  small compared with that in the original heavy 
crude o il  (see Chapter 3 ) ,  but nevertheless they do contribute some 
e ffec t in reducing the fuel consumption, as mentioned by Buesse (1971).
Figure 4.20 SEM photograph fo r  kaolin at 2000 magnification.
Figure 4.21 SEM photograph fo r  amorphous s i l i c a  a t 2000 m agn if ica tion .
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Catalytic a c t iv ity  of clay plays an important role in the fuel con­
sumption process. Amorphous s il ic a  is essentia lly  an inert material. 
However, becuase of the nature of i ts  structure (large surface area) 
and also included impurities, i t  does possess some cata ly tic  a c t iv ity .  
Grim (1962) stated that a catalyst with lower in i t ia l  a c t iv ity  may 
be much more preferable than the one with a high in i t i a l  a c t iv ity .
This is due to a very slow rate of decline in a c t iv ity  when either  
poisoning or fouling occurs. Thus, in the former case, fouling occurs 
in the in situ combustion process when coke deposits on the surface 
of the catalysts.
Acid treatment of kaolin increases i ts  ac id ity  (Decroocq, 1984), 
and also the surface area [due to dissolution of aluminium and magnesium 
compounds (Grim, 1962)]. I t  also changes the nature of the surface 
area. Figures 4.20 and 4.22 show the surface area of kaolin, before 
and a f te r ,  the acid treatment. These physical and chemical changes 
occurring in the kaolin can therefore s ig n if ican tly  a ffec t the basic 
fuel deposition and combustion process in in situ combustion tests.
This is demonstrated in the present experiment (Run 20) by high fuel 
consumption value when acidised’ kaolin is present.
As described e a r l ie r ,  one objective was to find the minimum amount 
of clay required to sustain steady comb.stion front. For Maya Isthmus 
crude o i l  (32.4 °API), the minimum amount of kaolin to sustain the 
combustion front was 3%. The corresponding average surface area for  
the sand pack is 0.516 m2/g . For heavier crude o i l ,  such as Maya 
(22.1 °API) and Cold Lake (10.2 °API), self-sustained combustion front 
was achieved without any kaolin addition. In these cases, the surface 
area is 0.13 m2/g . Noting that a l l  experiments were performed under 
the same conditions and that the sand pack contained s im ilar o il satu­
ra tion , i t  can be concluded that surface area determined whether a
Figure 4.22 SEM photograph fo r  acidised kaol in  at 2000 magni f ica t ion.
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self-sustained combustion could be achieved in these experiments.
4.7 Conclusion
(1) The specific surface area of the porous medium or sand pack, 
importantly influences the process of fuel deposition and 
hence combustion front s ta b i l i ty .  This is most c r i t ic a l  
for l ig h t crude o i ls .  In the case of Maya Isthmus crude 
o i l ,  a minimum clay content of 3% was necessary to achieve 
stable combustion. Combustion of heavier crude oils  is 
less c r i t ic a l ly  dependent on clay content, as demonstrated 
by the a b i l i ty  to sustain stable combustion: with Maya crude 
when the sand pack contained no clay. Therefore, crude o il  
gravity and chemical composition are important factors in ­
fluencing in situ combustion behaviour.
(2) The additional surface area contributed by clay or amorphous 
s il ic a  additives, which at a level of only 2% kaolin, can 
increase the tota l surface area in the sand pack by
0.387 m2/g (33%), results in a substantial increase in 
fuel deposition. The e ffec t  of additives, therefore, 
results in increased combustion temperatures, higher fuel 
consumption, and lower combustion front ve lo c it ies , compared 
with experiments in a clean sand matrix.
(3) The physical structure and chemical properties of kaolin 
are modified by acidising with sulphuric acid. This has 
a significant e ffec t  on the fuel a v a i la b i l i ty  and causes 
an increase in fuel consumption.
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CHAPTER 5
Effect of Oxygen Enrichment on Combustion Parameters 
Introduction
The application of oxygen enrichment as a thermal recovery process 
for crude o ils  is believed to have a number of advantages over normal 
a ir  combustion. In p articu la r , higher displacement ra te , lower gas 
v e lo c it ies , increased mobility of the oil due to C02 s o lu b il i ty ,  and 
higher recovery factors. The use of oxygen enrichment showed improved 
combustion effic iency compared with a ir  [Hansel et al. (1984), Leaute 
and Collyer (1984), P e tit  (1985), Garon et al. (1986) and Adewusi (1986)].
A description of a high pressure laboratory combustion tube system 
designed to operate with oxygen enrichment was presented by Hansel et 
al. (1984)]. In i t ia l  tests with the system u ti l is e d  a ligh t crude 
o i l  with a low value of o i l  in place and simulated reservoir conditions. 
The injected gas composition was varied from 21% and 95% oxygen. Only
tests at 40% oxygen and above produced satisfactory combustion. Adewusi
(1986) performed a number of experiments on Maya crude o il involving 
the use of oxygen enrichment to a level of 30 and 35% oxygen. Dry and 
wet combustion methods were examined. Hvizdos et al. (1983) have 
reported on a f ie ld  project in the Forest H il l  f ie ld  in Texas. Results 
were encouraging, but analysis of data was d i f f i c u l t  because of the 
short period of time oxygen was injected and because an a ir  in situ 
combustion project was going on, on the adjacent patterns. Shu and 
Lu (1984) studied the potential benefit of C02 from oxygen combustion 
processes (Figure 5.1) in combustion tests.
5.1 Results and Discussion
In the present investigation, three experiments with enriched 















Figure 5.1 —Schematic of oxygen combustion process.
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and 65% nitrogen at a gas flux of 14.57 m3/m2 h. Run 14 (dry combustion)
was conducted with 5% kaolin and Maya crude o i l .  Run 15 was performed 
with s il ic a  sand and Cold Lake crude oil (WGR 1.0 m3/Mm3). Run 16 was 
involved with mixing 25% wt of Lower Fars core material with 75% wt 
s ilica  sand to which Maya crude o il  was added. For this run, the 
WGR was kept constant at 1.0 m3/Mm3. The conditions achieved in these 
tests are summarised in Table 5 .1 , alongside those of Runs 3, 11 and 
13, in which no oxygen enrichment was used. Table 5.2 compares these 
results with those obtained by other investigators.
5.1.1 Temperature p ro fi le
Figures 5 .2 -5 .4  show the respective temperature profiles for the 
combustion Runs 14-16. The maximum peak temperatures reached at the 
combustion front positions for Runs 15 and 16 are 483 and 505 °C, so 
are respecitvely 7 and 87 °C higher than the corresponding runs with 
a ir  in jection (Runs 11 and 13). The combustion peak temperature for 
Run 3 is higher than that for Run 14 by 24 °C. With the wet combustion 
method in Run 3, the combustion temperature increases due to the larger 
steam zone which is generated. The very large difference in combustion 
peak temperature between Runs 13 and 16 is due to the combination of 
oxygen enrichment and use of Lower Fars core m aterial. The natural 
reservoir material is believed to promote the oxidation reaction. This 
trend of higher combustion peak temperature with oxygen enrichment 
agrees with the findings of Hansel et al. (1984) and Garon et al. (1986).
In Hansel et al.' s study, the combustion peak temperature for  
30% oxygen was below 316 °C. This is re la t iv e ly  low for satisfactory  
combustion to be sustained. Peak combustion temperatures for 40-95% 
oxygen were in the range of 427-482 °C, which is the more normal situation  
observed for an a ir  in situ combustion process. Garon et al. concluded
Table 5.1 Effect of oxygen enrichment on i n  s i t u  combustion
Run 3 Run 11 Run 13 Run 14 Run 15 Run 16
Crude o il Maya Cold Lake Maya Maya Cold Lake Maya
Additives Content 5% kaolin 0 1% L.Fars Core 5% kaolin 0 1% L.Fars Core
Injected gas: 02% 21 21 21 35 35 35
WGR m3/Mm3 1.0 1.0 1.0 0.0 1.0 1.0
Carbon combustion rate (gm/h) 4.25 4.5 3.5 7.0 7.25 7.0
Combustion front velocity (m/h) 0.0675 0.0525 0.035 0.0425 0.08 0.08
Fuel consumption (kg/m3) 14.6 15.9 22.37 33.13 23,62 33.65
Oxygen requirement (m3/m3) 34.2 29.2 52 67.1 43.06 67.6
Oxygen o il ratio  (m3/m3) 284.8 340.3 368.5 784.6 44.0 589.2
Oxygen fuel ra tio  (m3/kg) 2.33 1.93 2.32 2.03 1.82 2.01
Total gas requirement (m3/m3) 162.8 139.2 247.6 191.7 123,1 193.2
Gas o il ratio  (GOR) (m3/m3) 1356.1 1620.7 1754.6 224.2 1257.26 1683.4
Gas fuel ratio (GFR) (m3/kg) 11.1 9.17 11.07 5.78 5.21 5.74
Peak temperature (°C) 485 476 418 461 483 505
<o
Table 5.2 Effect of 0? enrichment on combustion parameters
Author Crude oil Gas flux WGR Additives Injected Carbon com­ Fuel Combustion Total gas p c d PAD Peakgravity content gas % 0 2 bustion rate consumption front vel. requirement brK bUK temperature
(°API) (m3/h m2) (m3/Mm3) (gm/h) (kg/m3) (m/h) (m3/ m 3 ) (m3/kg) (m3/m3) (°C)
■ — — ■---- — . .  . . ---- ---- ---
Hansel et al. 31 18.3 dry 5% silica 21 NA NA 0.063 NA NA 3380.8 NA
(1984) flour
30 0.095 2313.2 316
40 17.6 0.17 243 13.8 1067.6 427
95 17.6 0.28 243 13.8 533.8 482
Leaute and 10.2 NA dry sand only 95 NA 31.2 0.098 67.5 2.2 635.6 570
Col Iyer (1984)
Petit (1985) 13.8 19.1 dry sand only 21 NA 26.9 0.067 298 11.1 NA 475
8.02 50 31.3 0.06 131 4.2 463
5.02 80 33.4 0.054 89.4 2.7 485
Garon et al. 13 NA dry NA 21 NA 26 NA 381 14,6 1428.6 480
(1986)
100 45 105 2.3 300 500
13 4.8 21 27 309.5 11.5 761.9 455
4.5 100 37 74 2.0 180 480
25 dry 100 24 62 2.6 250 460
Adewusi (1986) 22.1 10.53 dry 8.4% kaolin 21 3.1 14.9 0.082 154.9 10.3 3567.3 399
15.96 dry 30 6.2 25.3 0.068 194.6 7.7 4074 416
16.63 dry 35 6.7 21.1 0.107 155.4 7.4 3473.1 424
17.59 2.0 21 5.0 14.3 0.115 153.0 10.7 2485.4 418
17.05 1.8 30 5.6 17.1 0.114 149.6 8.8 2939.1 400
17.90 1.8 35 5.3 16.7 0.128 139.9 8.4 2643.3 414
Present work 10.2 14.57 1.0 silica sand 21 4.5 15.9 0.053 139.2 9.2 1620.7 476
only 35 7.25 23.6 0.08 123.0 5.2 1257.2 483
22.1 25% I. Fars core 21 3.5 22.3 0.035 247.6 11.1 1754.6 395
35 7.0 33.6 0.08 193.1 5.7 1683.4 507
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Figure 5.4 Temperature p ro fi le  through combustion tube (Run 16)
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that higher combustion temperatures result from greater fuel consumption 
during oxygen combustion. However, lower combustion temperatures 
were reported for a l ig h t crude o il of 25 °API even when the oxygen 
concentration reached 100% (Table 5 .2 ).
Although Petit  (1985) reported lower combustion temperatures with 
50% oxygen enrichment than 21% oxygen, he did, in fa c t ,  observe an 
increase in the maximum temperature as oxygen enrichment increased 
to 80% oxygen. However, Adewusi (1986), who used the same Maya crude 
o il  as in this study, obtained lower combustion temperatures. This 
is attributed to the larger heat losses increased in his combustion 
tube experiments. Leaute and Col Iyer (1984) achieved a very high 
combustion peak temperature (Table 5.2) with Cold lake crude o il of 
570 °C, compared with a maximum value of 505 °C obtained in Run 16. The 
higher oxygen enrichment level of 95% oxygen used by them is mainly 
responsible for th is .
The time to reach ignition for Runs 3, 11,&13-16 is shown in Table 5.3. 
I t  is lower for a l l  cases involving oxygen enrichment. Also, the tem­
perature of the top of the sand pack is shown in Table 5.3 and i t  is 
increased as oxygen concentration is increased, p articu larly  for Runs 15 
and 16. The temperature of the sand pack top in Run 3 is higher than 
that in Run 14, due to a larger steam zone which occurred with water in ­
jec tio n . Therefore, in addition to higher combustion temperature, 
oxygen enrichment also leads to more rapid spontaneous ign ition . Essentially  
th is must be due to the higher concentration of oxygen available , causing 
more rapid oxidation of the o il and hence increased rate of temperature 
r ise . Crookston et al.'s (1979) work showed that using pure oxygen, 
would s ig n if ican tly  reduce the time for spontaneous ignition and ignition  
would occur closer to the in jection well.
Table 5.3 Effect of oxygen enrichment on spontaneous ignition
Temperature at the top of the sand 
pack at ignition time (°C)
Difference between gas injection  
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In the oxygen enrichment tests , a d istinctive  steam plateau is 
achieved, as shown in Figures 5 .2 -5 .4 . Its  length is approximately 
0.2 m at an average temperature of 120 °C. In teresting ly , Adewusi (1986) 
has reported a larger steam zone length for the same operating condition 
(i.e., 0.102 m using 30 and 35% oxygen) compared with only 0.051 m using 
a ir .  Compared with this work, the shorter length of the steam plateau 
in Adewusi's work is due to larger heat losses. Hansel et al. (1984) 
also reported a high steam temperature to be about 221 °C for 40 and 95% 
oxygen enrichment.
5.1.2 Carbon combustion rate
In Table 5.1 the enriched oxygen experiments (Runs 14-16) show a 
substantial increase in the carbon combustion rate compared with Runs 3,
11 and 13 (21% 02). For Cold Lake crude oil (Runs 11 and 15), the 
increase is 38%, and in the Lower Fars core and Maya crude o i l  case 
(Runs 13 and 16), the increase is 50%. Adewusi (1986) also found an 
increase in carbon combustion rate when 30 and 35% oxygen was used 
(Table 5 .2 ) .  In his experiments using 35% oxygen, the increase with dry 
combustion was higher by 54%, while with wet combustion i t  was only 6% 
higher compared with a i r .  Adewusi concluded that the carbon combustion 
rate was affected by water in jection when enriched a i r  is used. However, 
this is not observed to be the case in the present results.
5 .1 .3  Combustion front velocity and fuel consumption
Combustion front velocity and fuel consumption values for 35% oxygen 
are higher than those using a ir  (Table 5 .1 ) .  Generally, increased 
oxygen concentration leads to a higher combustion temperature and hence 
an increased rate of combustion. However, with 35% oxygen enrichment, 
the combustion front velocity for dry combustion test (Run 14) shows a 
lower value than that for wet combustion (Run 3 ), in which 21% oxygen
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is used. This behaviour is consistent with the higher values of to ta l
gas requirement and GOR achieved in Run 3.
The trend of combustion front velocity and fuel consumption with 
oxygen enrichment observed in the present work and' other works is shown 
in Table 5.2. Hansel et al. (1984) used a l igh t crude o il (31 °API) 
and reported a low fuel consumption of 17.6 kg/m3 when using oxygen en­
richments of 40-95%. The combustion front velocity increased as oxygen 
concentration was increased by 30, 40 and 95% oxygen. Leaute and 
Collyer (1984) used Cold Lake crude o il (10.2 °API) and achieved a 
fuel consumption of 31.2 kg/m3. This is higher than the value of
23.6 kg/m3 obtained in the present study (Run 15). This was expected, 
since they used a much higher oxygen enrichment level of 95% oxygen and
dry combustion. In another study, Petit  (1985) used a heavy crude o il
(13 °API) and observed that the combustion front ve locities  were constant 
in time and tended to decrease s lig h tly  when the oxygen concentration 
was increased. However, this behaviour could be due to a change in 
gas f lu x .
Garon et al. (1986) who used a heavy crude o il of 13 °API, found 
that fuel consumption increased when the oxygen concentration was de­
creased, for both wet and dry combustion. Fuel consumption values in 
Garon et al.' s study are higher than those obtained in the present study. 
This is due to the better adiabatic temperature control in th e ir  work, 
which minimised the heat loss. They also found a lower fuel consumption 
with the lig h te r  crude o i l  (25 °API), compared with the heavy crude o il  
(13 °API). For 100% oxygen this was approximately 45%. This behaviour 
is consistent with the low values of total gas requirement and combustion 
peak temperature.
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Adewusi (1986) reported that the combustion front velocity increases 
dramatically beyond 30% oxygen enrichment due to greatly increased fuel 
consumption. The pattern of fuel consumption varied with oxygen en­
richment in the range of 30-35% oxygen. This is attributed to the 
unfixed gas flux which affected the fuel consumption. For the same 
crude o il  (°A P I), however, the fuel consumption values are lower than 
those obtained in the present work. This is probably due to higher 
heat losses increased in his experiments using a thicker walled combustion 
tube.
5 .1 .4  Total gas requirement
The oxygen requirement and oxygen o il ra tio  for oxygen enrichment 
tests (Runs 14-16) are higher than those of corresponding normal a ir  
runs (Table 5 .1 ) .  This is due to the higher rate of fuel consumption 
commensurate with increased fuel a v a i la b i l i ty ,  which has also been reported 
by Garon et al. (1986) and P etit  (1985). Garon et al. observed an 
increase in oxygen requirement from 300-500 m3/m3 when oxygen concentration 
changed from 21 to 100% oxygen for dry combustion tests.
As shown in Table 5 .1 , the tota l gas requirement, gas fuel ra tio  
(GFR), and gas o il ra t io  (GOR) for oxygen enrichment tests are lower than 
for a i r  combustion. Comparing Runs 13 and 16, there is a decrease in 
gas requirement of 22% for a change in injected oxygen concentration from 
21-35%. The GFR andGOR also decreased by 48% and 4% respectively. In 
Garon et al.'s (1986) dry combustion experiments, the gas requirement 
decreased by 72% when oxygen concentration was changed from 21-100%
(Table 5 .2 ) .  GOR and GFR values also decreased by 79% and 84% when 
oxygen concentration increased to 100% oxygen. However, with lig h te r  
crude o i l  (25 °API), the gas requirement and GOR decreased by 41% and 
17% respectively for 100% oxygen, compared with heavy crude o il (13 °API).
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Clearly, there is a broad measure of agreement between the results 
shown in Table 5.1 and others in Table 5 .2 , which are concerned with in 
situ combustion of heavy and l ig h t  crude o i ls .  On the other hand, ex­
perimental results are not identical because d iffe ren t operational con­
ditions were used. However, in one case, where the same crude oil (22.1 °Apr) 
was used with 35% oxygen (Adewusi, 1986), there is a surprising difference  
with gas requirement. Adewusi1s result is lower by 28%. This is 
attributed to the gas flux and WGR used in his study. Adewusi also 
found a continuous f a l l  in tota l gas requirement and GFR with increasing 
oxygen concentration (Table 5 .2 ) .
Hansel et al. (1984) reported the gas requirements data for 40% 
oxygen and above of about 463 m3/m3 with no s ign ificant change with 
oxygen concentration. Below 40% oxygen, larger gas requirements were 
caused by unsatisfactory combustion which resulted in unreacted oxygen 
breakthrough. Although they used ligh t crude o il (31 °API), the 
reduction trend of GOR with oxygen enrichment was remarkable.
Leaute and Collyer (1984) used Cold Lake crude o i l ,  and the gas 
requirement, GFR and GOR obtained are lower than the values achieved in 
the present work for the same crude o i l .  This is considered to be 
reasonable, as they used higher oxygen enrichment of 95% oxygen. Petit  
(1985) also conducted oxygen enrichment experiments with heavy crude o il  
(13.8 °API). The gas flux varied over the range while oxygen flux  
was kept constant at 4.01 m3/m2 h. He reported that the total gas 
requirement decreased by 56 and 31% with oxygen enrichment of 21-50% 
oxygen and 50-80% oxygen, respectively. No GOR values were given.
From the above discussion, i t  can be concluded that oxygen en­
richment causes a lower gas requirement and GOR, compared with a ir  
combustion. Oxygen combustion is thus more economically a ttra c tiv e ,  
since less gas has to be compressed for the in situ combustion operation.
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An economic study by Hvizdos et al. (1983) showed that the cost of a 
given mass of compressed oxygen is less than that of the equivalent 
quantity of a ir  for large scale operations carried out under high pressure 
(Figure 5 .5 ) .  This is p articu la rly  important in heavy oil reservoirs, 
in which there is increased fuel deposition and hence a greater gas 
requirement.
Table 5.2 l is ts  the GFR values obtained by various authors and 
these are compared with those obtained in this study for both dry and 
wet combustion methods and for d iffe ren t types of crude o i l .  There is 
a considerable decrease in GFR values with oxygen enrichment, but con­
stant values at 40% oxygen and above are obtained in Hansel et al.'s 
(1984) work, due to l ig h t  crude o il used. In the present work, there 
is a reasonable agreement with the general trend exhibited by Leaute and 
Col Iyer (1984), Petit  (1985) and Garon et al. (1986). They achieved 
very low values of GFR with high oxygen concentration of the range 
50% oxygen and above. However, Adewusi (1986) used the same crude 
o il (22.1 °API) with 35% oxygen, but his GFR values are higher than 
those obtained in the present work. This is due to the lower fuel 
consumption in his work.
5.2 Conclusions
(1) The use of oxygen enrichment for in situ combustion produces
a higher carbon combustion rate. I t  also achieves faster
spontaneous ignition and higher combustion temperatures 
than with a ir  combustion. The net e ffec t is to increase 
the combustion front velocity  and fuel consumption.
(2) With oxygen enrichment there is an overall reduction in the
tota l gas requirement, GOR and GFR. A reduced gas requirement














































MMSCFD OF CONTAINED OXYGEN
5-. 5 — Hvizdonian economics—oxygen vs. air costs.
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recovery method since the cost of gas compression required 
is a major economic factor.
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CHAPTER 6
Effect of Reservoir Core Material and Metal Compound Additives 
Introduction
The mineralogy of the host matrix has a s ign ificant influence on 
the behaviour of the in situ combustion process. Various in vesti­
gators (Fassihi, 1980; Guvenir, 1981; Al-Shalabe, 1985; and 
Adewusi, 1986) have, in fa c t ,  suggested that combustion parameters 
and reaction kinetics for a specific reservoir should be obtained using 
natural core material. Therefore, core material of varying grain 
size from the Kuwait Lower Fars reservoir was used in a number of 
experiments. This material was estimated to contain approximately 
5% wt of fine s i l ts  and clays, an o il  saturation of 20%, and crude 
o il gravity of 18 °API. The experimental results of runs cover the 
cases when 100% natural core material (Run 12) was used with no further  
o il saturation, and when a 25% mixture of core mateiral and 75% s i l ic a  
sand were used with Maya crude o il  (Run 13). The e ffec t of Lower Fars 
core material on the temperature p ro f i le ,  fuel consumption, carbon 
combustion ra te , combustion front ve loc ity , a i r  requirements, AOR, 
and AFR was investigated.
Metals l ike  vanadium, copper, iron, n ickel, and the ir  compounds 
are present in crude o i ls .  The host sand matrix also contains other 
metal compounds such as p y r ite , c a lc ite ,  dolomite, s id e r ite . I t  is 
believed that the presence of such metal compounds in crude o il or 
sand matrix provide a certain ca ta ly tic  e ffec t to the oxidation of 
hydrocarbons. Three experiments were carried out (17, 18 and 19) 
to investigate the e ffec t of metal compounds; namely, fe rr ic  oxide 
and nickel chloride, on the crude o il combustion. Runs 17 and 18 
contained 1% wt of fe rr ic  oxide and 1% wt of nickel chloride, respectively. 
Run 19 contained 1% wt of fe rr ic  oxide and 2% wt of kaolin. The results
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of these experiments were compared with two other experiments, Runs 
1 and Z (detailed in Chapter 4).
6.1 Results
(A) Effect of natural core m ateria l. -Figures 6.1 and 6.2 show 
the temperature profiles for Runs 12 and 13. In Run 12, the combustion 
front propagated successfully, evidencing the a b i l i ty  of the natural 
core material to sustain the combustion process. I t  is observed that 
the combustion temperature starts to decrease towards the end of the 
combustion tube. This is due to the in i t i a l  low o il  saturation (20%) 
in the sand pack, so that there might be a region downstream of the 
combustion front with in su ff ic ien t fuel to sustain combustion.
In Run 13 (Figure 6 .2 ) ,  the 1% of clays and s i l ts  was constituted 
from a mixture of 25% natural core material and 75% of s i l ic a  sand.
The temperature profiles are stable throughout the combustion period.
The average temperature for Run 13 was 395 °C, whereas the average 
peak temperature for other runs (Runs 1-20) was higher than th is .
Most probably the presence of trace amounts of metal compounds in the 
natural compounds in the core material w il l  reduce the average 
peak temperature due to the reduction in activation energy (Vossoughi 
et al. , 1982).
No steam plateau condition was observed during Run 12, but this  
did occur in Run 13 at a temperature of approximately 115 °C. The 
absence of steam plateau in Run 12 is attributed to the very low in i t ia l
water saturation (almost zero), so that steam formation is en tire ly
dependent on the combustion process.
As shown in Table 6 .1 , the data for Runs 12 and 13 exhib it a high
fuel consumption. Consequently, the combustion front velocity is 
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with reservoir core material is due to the presence of natural clays 
and s i l ts .  These possess a high specific surface area and cata lytic  
a c t iv ity .  The e ffec t is emphasised in Run 12, which contains 100% 
core m ate r ia l. In the case of Run 13, the natural core material is 
present as a 25/75 sand mxiture, the reduced fuel consumption is com­
pensated by the higher o i l  saturation (So-j = 37.9%).
The fuel consumption in Run 12 is 23.82 kg/m3 and this represents 
34.6% of the original o il in place. By comparison, Run 3, with a 
synthetic sand matrix and otherwise the same experimental conditions, 
givesafue l consumption of only 14.6 kg/m3, which is 10.29% of the 
original o i l in place. This observation is consistent with Mckay's 
(1982) finding that natural rocks produce higher fuel consumption values 
than a synthetic s i l ic a  sand matrix. Another study by Craig and Parrish 
(1969) also found that fuel consumption was higher using a natural 
N ellie  Bly consolidated sand stone.
In Run 12, the high AOR value (Table 6.1) is due to low o il saturation 
(20%), which results in a re la t iv e ly  low o i l  recovery (51.1% 00IP). 
Therefore, a d irect relationship exists between fuel consumption and 
o il recovery which agrees with the observation by Marten et al. (1958) 
work. The time required for the o il  to be produced i n i t i a l l y  decreases 
as the in i t i a l  o i l  saturation increases. Thus AOR is expected to 
increase as in i t i a l  o i l  saturation decreases. Ejiogu et al. (1978) 
reported high AOR values (3688-3544 m3/m3) ,  which he attributed to 
low in i t i a l  o il saturation. The a i r  requirement and AFR values obtained 
in the present work do not change appreciably with o il saturation.
The combustion results obtained with the Lower Fars core material 
are compared in Table 6.2 with those obtained in other studies which 
used other types of natural core material. There appears to be an
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indication that both fuel consumption and a i r  requirement increase 
with increasing WAR. However, the operating conditions (API, 
o il saturation, and pressure) are d if fe re n t ,  and no firm conclusions 
can .be drawn. On the whole, there is a suggestion that fuel consumption 
and a i r  requirement increased by using natural core material compared 
with synthetic matrices.
Table 6.1
Summary of data and results for natural matrix runs
Run 12 Run 13
Crude o il L.Fars Maya
Oil saturation, % 20 37.93
Clays and s i l ts  (Lower Fars core) 5% wt 1% wt
WAR m3/M m3 (s t) 1.0 1.0
Pressure, bar 3.5 3.5
Peak temperature, °C 453 418
Fuel consumption, kg/m3 23.82 22.37
Carbon combustion ra te , gm/h 4.5 5.0
Combustion front ve loc ity , m/h 0.0375 0.035
A ir requirement, m3 (s t)/m 3 242.47 247.59
A ir o i l  ra t io ,  m3 (s t)/m 3 7456.0 1754.6
A ir fuel ra t io ,  m3 (s t) /kg 10.18 11.07
(B) Effect of metal compound additives.-Figures 6 .3 -6 .5
temperature profiles obtained for Runs 17, 18 and 19. High peak 
temperatures were achieved almost at the middle of the combustion tube, 
p a rt icu la r ly  for Run 17 and also to a noticeable extent for Run 18.
This is due to convective heat transport by the gas as i t  passes through 
the burnt upstream section of the bed. Water in jection can enhance 
th is  behaviour, as i t  is a much more effective  scavenger of the heat 
retained in the burnt section.
Table 6.2 
Comparison of natural core results





(bar) (m3/Mm3) (kg/m3) (m3/m3) (m^kg) (m3/m3)
Burger and Sahuquet 
(1973) Reservoir rock 27 45.7 36 1 22.8 250 10.9 -
S il ica  sand 16 47.5 11 0 17.2 193 11.22 -
Ejiogu et al 
(1978) Pembina (Alberta) 37 31.16 60 0.95 18.46 213.3 11.6 2047.1
Cady et al 
(1980)
Lloydminster
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There is a s ign ificant reduction in combustion temperature of 
approximately 30-50 °C for Runs 17, 18 and 19. The sand mixture 
in these runs contained fe rr ic  oxide and nickel chloride. On the 
other hand, Runs 1 and 2, which have the same in i t ia l  conditions, 
but without any metal compounds present (Table 6 .3 ) ,  show no such 
e ffe c t .  This accords with the work of Vossoughi et al. (1982), who 
showed that there is a lower activation energy in the petroleum com­
bustion reaction due to the presence of metal compounds in the crude o i l .  
An analysis of oxidation data for a French o i l  also showed that 2000 ppm 
of copper in the sand mixture lowered the activation energy by about 
50%, reducing the combustion temperature (Fassihi et al., 1984). 
Therefore, a reduction in the activation energy due to the presence of 
metal compounds acts to cause a reduction in the combustion temperature. 
This agrees with Drici and Yossoughi's (1985) results , showing that 
vanadium, nickel and fe r r ic  oxides enhanced endothermic reactions and 
shifted the combustion temperature to lower levels.
As shown in Figures 6 .3 -6 .5 ,  there is no steam plateau when metal 
compound additives are used. The lower combustion temperatures achieved 
in these experiments is responsible for this behaviour. Tests con­
taining metal compounds (Runs 17, 18 and 19) achieved faster spontaneous 
ig n it ion . This, e ffec t is thought to be caused by the ca ta ly tic  a c t iv ity  
of metal compounds which promote more rapid oxidation of the crude o i l .
In Table 6 .3 , the combustion parameters obtained from Runs 1 and 2, 
which did not contain metal compounds are compared with Runs 17, 18 
and 19. Higher values for fuel consumption, a i r  requirement, and 
AOR, and lower values for combustion front velocity  were obtained when 
metal compound additives were used. Run 19 (1% fe rr ic  oxide + 2% 
kaolin) gave increased values for the fuel consumption, a ir  requirement, 
and AOR compared with Runs 17 and 18 (1% fe rr ic  oxide and 1% nickel
Table 6.3
Effect of metal compound additives on combustion runs
Crude o il  
Additives content
WAR, m3/Mm3 (s t)
Peak temperature, °C 
Fuel consumption, kg/m3 
Combustion front ve loc ity , m/h 
Air requirement, m3 (s t) /m 3 
Air o il ra t io ,  m3 (s t)/m 3 







































chloride, respectively). Thus, i t  appears that the surface area 
e ffec t of the clay play a more dominant role in this s ituation.
The e ffec t of metal compounds on fuel consumption reported here 
is consistent with that reported by Fassihi and Brigham (1981), who 
analysed the results of Bardon and Gadelle (1977). They showed that 
the addition of metal compound additives to crude o ils  or sand matrices 
s ign if ican tly  increase the fuel consumption. Burger and Sahuquet (1972) 
also found an increase in fuel a v a i la b i l i ty  and a i r  requirement in 
forward combustion when 2000 ppm of copper and 1% nickel chloride were 
added to crude oil and sand matrix, respectively.
6.2 Discussion
The core material from the Lower Fars reservoir contained crude 
o il  gravity of 18 °API and 5% clays and s i l t s .  The average o il  
saturation was 20%, perhaps s ign ificantly  lower than the fresh core, 
due to aging and exposure. Like other natural core, i t  contained 
a trace amount of metal compounds and organic material associated 
with the mineral constituents of the reservoir (Eltantaway and Arnold, 
1973). These materials possess a high surface area, as well as 
ca ta ly t ic  a c t iv i ty ,  which promote the fuel laydown and sustain the 
combustion front.
The Computer Modelling Group (1982) have shown that the cata ly tic  
property of the rock matrix is strongly related to i ts  composition.
Drici and Vossoughi (1985),using surface areas ranging from 0.003 
to 24.3 m2/g ,  concluded, however, that the surface area of the 
additives affects crude o il  combustion, regardless of th e ir  actual 
composition. I t  was seen in Chapter 4 that the nature of the surface 
area, as well as the a v a i la b i l i ty  of large surfaces, play an important 
role in determining the effectiveness of the additives.
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An increase in in i t ia l  o il saturation from 20% (Run 12) to 
39.93% (Run 13) leads to a high fuel consumption value for the la t te r  
(22,37 kg/m3). I t  seems that the fuel consumption for the in situ 
combustion.process depends on in i t ia l  o i l saturation, as well as 
the type of the porous media. Alexander et al. (1962) also found 
that the fuel consumption increases as the in i t i a l  o i l  saturation  
increases.
The reduction in combustion temperature, p art icu larly  for Run 13, 
which contained 25% core material and 75% s i l ic a  sand, may be a result 
of low oxygen consumption due to the lower residence time for the 
oxygen in the combustion zone. This condition occurs when the com­
bustion front overruns the mobile bank due to a lack of communication 
of the core material (Computer Modelling Group, 1982). A possible 
explanation for this behaviour is movement of clays and fine s i l t s .  
Thus, increased oxygen flow downstream of the combustion front leads 
to further LTO reaction taking place. The residual hydrocarbon 
deposited on the sand matrix confirms the occurrence of LTO reactions. 
Ejiogu et al. (1978) also observed a reduction in combustion tempera­
ture when natural core material was used and they referred this  
behaviour to the hydrothermal reaction of the natural matrix at the 
high combustion temperatures.
Runs 17, 18 and 19, which contain metal compound additives ( fe r r ic  
oxide and nickel chloride) demonstrated great fuel consumption.
Venuto and Habib (1979) stated that metals promote dehydrogenation 
and cyclisation reactions which lead to higher fuel consumption. 
Decroocq (1984) has reported specific surface areas for powdered 
solids catalysts in the range 102-200 m2/g . Therefore, the question 
as to whether the metal compound additives e ffec t is due to the 
possession of ca ta ly tic  a c t iv ity  or whether i t  is due to th e ir  high 
specific surface area, or both, remains to be answered.
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I t  is interesting to note that regardless of the ca ta ly tic  
a c t iv ity  of the metal compound additives, the ir  surface area may 
play a major role in the fuel consumption process. An SEM photograph 
of fe rr ic  oxide crystal (Figure 6.6) shows that the solid particles  
are granular and the structure is more open and porous than the 
kaolin. The nature of the surface area for fe rr ic  oxide is thus 
more sim ilar to that of amorphous s i l ic a .  As discussed in Chapter 4, 
amorphous s i l ic a  led to higher fuel consumption than the kaolin.
Thus, surface areas, as well as ca ta ly tic  a c t iv i ty ,  may be a major 
factor in determining the role that metal compound additives play 
in in situ combustion processes. An increase in fuel consumption 
and the reduction in combustion front velocity by approximately 
50%, seems to confirm th is .
The fact that metal compound additives shorten spontaneous 
ignition time, could be a valuable aid in in situ combustion f ie ld  
projects. This could be accomplished by injection of a solution 
of metal compounds into the reservoir, before in jecting a i r .  The 
type of metal compound additives to be used for the in situ combustion 
process need to be selected carefu lly . For example, amorphous 
Si02-Ar03 is used as a catalyst in the cracking of heavy o il  residues 
and ta r  liquids (Probstein, 1982). Zeolite (c rys ta ll in e  synthetic) 
is used to obtain specific hydrocarbon products (Venuto and Habib, 
1979). The complete, or most satisfactory, oxidation of hydrocarbons 
seems to be with the use of metal oxides and also metal chloride 
additives.
Figure 6.6 SEM photograph fo r  f e r r i c  oxide 2000 m agnifica tion .
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6.3 Conclusions
(1) Natural core material from the Lower Fars reservoir 
has a high specific surface area, as well as ca ta lytic  
properties. For wet combustion, su ff ic ien t fuel is 
deposited to sustain the combustion front with a low 
in i t ia l  o i l  saturation of only So^  = 20%.
(2) Detailed mineral analysis of the natural core is 
necessary, in order to evaluate systematically the 
effect of constituents such as metal compounds on 
the in situ combustion of crude o i l .
(3) The addition of 1% fe r r ic  oxide and 1% nickel 
chloride to the sand pack acts to lower the 
combustion peak temperature by 31-35 °C and 53 °C 
respectively.
(4) Metal compounds possess a very large surface area and 
open porous structure which promotes fuel consumption, 
and increases a i r  requirement and AOR. Additionally, 
faster spontaneous ingnition of crude o i l  was 
achieved. In practice, metal compound additives 
could be injected into the reservoir, prior to a ir  
in jection , in order to achieve faster ign ition .
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CHAPTER 7
Effect of Additive Materials on Gas and Oil Production
The physical and chemical properties of crude oils  undergo 
changes during combustion process. These changes arising from 
d is t i l la t io n ,  thermal cracking and LTO, may also be importantly 
influenced by the presence of additives such as Clay Kaolin, amorphous 
s il ic a ,  natural core material and also metal compounds. An 
investigation of the effects of these material additives on 
composition of produced gas and oil was therefore made. The changes 
occuring to crude oil composition were identif ied  from density 
measurements and o il viscosity trends. The effect of oxygen enrichment 
has also been investigated.
7.1 Produced Gas Composition
The measured gas composition profiles for Runs 1 to 20 are shown 
in Figures 7.1 to 7.20. They refer to the stabilised period of 
combustion, i . e .  when the combustion front velocity is constant. 
Appendix B shows in tabular form the instantaneous composition of the 
produced gases for Runs 1 to 20. The overall gas and oxygen material 
balance is given in Appendix C.
At a temperature of 150*C or below, some oxygen w ill  react with 
crude oil due to LTO reaction. This causes a small amount of CO and 
CO2 to appear in the produced gas. At much higher temperature 
(430°C), the main products from the combustion reaction are CO and CO2 
and only a small amount of oxygen is le f t  unreacted. When the 
combustion front nears the end of the sand pack, the CO and CO2 
concentration tends to decrease because of a reduction in fuel 
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Figure 7.5 Produced gas composition (Run 5)
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I t  is apparent in Figures 7.1 to 7.20, however, that there is 
considerable v a r ia b i l i ty  in the produced gas composition in a number 
of cases, especially regarding the C02 p ro f i le .  There are additional 
effects due to the s tart  of water in jection, or because fuel 
a v a i la b i l i ty  becomes limited towards the end of a run. In order to 
provide a reasonable basis for comparing the effect  of the additives,  
the average composition reported in Table 7.1 refers to the period in 
Runs 1-20 when the gas composition is most stable.
7.1.1 Effect of kaolin and amorphous s i l ica
During Run 1 (Figure 7 .1 ) ,  with Maya crude o i l ,  but no additives in 
the sand matrix, the variation exhibited by the gas prof i les is small. 
For the stable period (between 4.5 to 7 h) the analysis of 02> CO, and 
C02 shows mol fractions averaging 1.3, 4.2 and 15.5%, respectively.
The low level of oxygen concentration in the produced gas indicates 
that most of the oxygen has been consumed by combustion.
In Run 2, 2% Kaolin was added to the sand matrix with Maya crude 
o i l .  In Figure 7.2, a f a i r l y  stable gas composition profi les is 
reached two hours a f te r  water injection and the composition of the 
produced gases averages 1.1% O2 , 3.6% CO and 19% CO2 (Table 7 .1 ) .  As 
the combustion front approaches the end of the combustion tube the C02 
level decreases sharply and the O2 level increases. Comparing with 
Run 1, the concentration of C02 produced is higher and O2 
concentration is lower by 18 and 15%, respectively. This is 
attributed to the presence of Kaolin in the sand pack.
In Run 3 (Figure 7 .3 ) ,  using 5% Kaolin and Maya crude o i l ,  the 
produced gases contain 3.5% 02 , 4.1% CO and 15.6% CO2 . I t  is apparent 
that consumption of oxygen is incomplete. Also the CO2 mol fraction  
is lower than that of Run 2 (2% Kaolin).
Table 7.1 
Average Composition of Produced Gas
Run Crude Method of Additives
No. Oil Combustion Content
1 Maya Wet 0%
2 " " 2% Kaolin
3 " " 5% Kaolin
4 " " 10% Kaolin
5 " " 15% Kaolin
6 " " 2% amorphous s i l ica
7 " " 5% amorphous s i l ica
8 " " 10% amorphous s i l ica
9 " " 13.75% amorphous s i l ica
10 Maya Isthmus Dry 3% Kaolin
11 Cold Lake Wet 0%
12 Lower Fars " 5% additives from L. Fars
13 Maya " 1% additives from L. Fars
14 " Dry 5% Kaolin
15 Cold Lake Wet 0%
16 Maya " 1% additives from L. Fars
17 " " 1% Ferric Oxide
18 " " 1% Nickel Chloride
19 " " 1% Ferric Oxide +2% Kaolin




°2 CO C02 CH4 J !
21 1.3 4.2 15.5 0 0
21 1.1 3.6 19.0 Trace 0
21 3.5 4.1 15.6 Trace Trace
21 3.3 3.3 16.0 0 0
21 1.6 3.3 16.9 0 0
21 1.4 5.7 16.0 Trace Trace
21 1.1 4.1 16.8 0 0
21 3.2 2.2 17.5 0 0
21 4.8 2.6 15.0 0 0
21 4.1 2.7 16.1 0 0
21 1.0 4.3 17.2 0.4 Trace
21 ' 1.6 3.9 19.0 0 0
21 4.0 2.6 16.2 0 0
35 1.3 4.7 34.8 Trace Trace
35 . 0.24 7.5 29.8 0.2 Trace
35 0.35 6.9 31.7 Trace Trace
21 1.5 3.6 19.6 0 0
21 1.1 3.5 17.2 0 0
21 1.1 3.6 • 17.0 0 0
21 1.2 4.1 18.3 0 0
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With 10% Kaolin in Run 4 (Figure 7 .4 ) ,  the concentration of CO 
and C0£ tends to increase generally over the combustion period. At 
midway o f  the combustion period the CO and CO2 produced dropped to low 
values of  3.5 and 12%, respectively. The oxygen concentration is then 
4.24% and i t  decreases to a low level of 2%. Although the CO2 
produced is higher than that of Run 1 (no additives) ,  i t  is s t i l l  
lower than that of Run 2 (2% Kaolin).
During Run 5 (Figure 7 .5 ) ,  which included 15% Kaolin with Maya 
crude o i l ,  very small variations are exhibited in the gas prof i les.
The O2 , CO and CO2 compositions in the produced gases averaged 1.6,  
3.3, and 16.9%, respectively.
For 2% amorphous s i l ic a  (Run 6 ) ,  the CO and C02 production 
followed the same trend (Figure 7 .6 ) .  They are stabil ised one hour 
a f te r  water injection and averaged5.7 and 16%, respectively. At the 
same time, the oxygen mol fraction is 1% and averaged 1.4% over the 
combustion period.
The product gas analysis for Run 7 (5% amorphous s i l ic a )  is shown 
in f igure 7.7. The CO2 concentration shows a reduced trend over the 
combustion period until  i t  reaches a minimum level of 11% at the end 
of the test ,  while O2 and CO concentrations show stable levels of 1.1 
and 4.1% respectively (Table 7 .1 ) .  Towards the end of the tes t ,  O2 
concentration increases to a level of 8% and CO concentration 
decreases to a level of 1.75%.
In Run 8 , 10% amorphous s i l ic a  is used. For the stabi1isedperiod 
between 8.5 to 11 hr, the 02 and C02 concentration averaged at 3.2 and 
2.2% (Figure 7 .8 ) .  The CO2 concentration shows a decrease trend over
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the combustion period with frequent variat ion,  averaging 17.5%. This
is higher than the CO2 concentration in the previous runs at 2 and 5%
amorphous s i l i c a .
Figure 7.9 presents the gas prof i le  obtained with 13.75% 
amorphous s i l ic a  (Run 9 ) .  The analysis of O2 , CO and CO2 averages 
4.8, 2.6, and 15%, respectively. The CO2 concentration is smaller 
than those with lower amorphous s i l ic a  content.
In Run 10 (Figure 7 .10) ,  which included 3% Kaolin with Maya
Isthmus crude, the concentration of CO and CO2 tends to increase
generally and averages 2.7 and 16.1%, respectively. The 02 
concentration decreases gradually to a level of 3.5% at the end of the 
run. The composition of the O2 averaged 4.1%
Figure 7.11 presents the gas prof i le  for Run 11, using Cold Lake 
crude oil  with no additives. One hour a f ter  water injection a f a i r l y  
stable composition is observed (1.0% 02, 4.3% CO, and 17.2% CO2 ) .  
Traces of methane and hydrogen were produced (Table 7 .1 ) ,  indicating  
some effect of visbreaking reactions for the heavy Cold Lake o i l .
This is consistent with Shu and Venkantesan (1983) work which reported 
a kinetic study of visbreaking data of Cold Lake bitumen at 260 - 
325°C. I t  is well known that a thermal cracking of hydrocarbons 
produces l ighter  components of crude o i l ,  while visbreaking produces 
heavier components.
Figure 7.12 shows the gas profi les for Run 20, in which 1% 
acidised Kaolin was used. The CO2 concentration increases gradually 
and reaches a maximum level of 19%. At the same time, 02
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concentration decreases rapidly and stablises a f ter  two hours of water 
injection,  at 1.2%. The CO2 concentration obtained here is higher
than those in Runs 3, 4, and 5 (5, 10 and 15% Kaolin).
Generally, when Kaolin and amorphous s i l ic a  are present, the CO2 
concentration in the produced gases is higher than that with no 
additives in the sand matrix. For example, the CO2 mol fraction  
increased as follows 15.6, 16, 16.9% with 5, 10 and 15% Kaolin 
content, respectively. This indicates the effect of increasing the 
surface area of the bed which leads to higher fuel deposition and 
hence greater production of CO2 . However, Run 2 (2% Kaolin) achieved
a much higher concentration of CO2 than in other runs (Table 7 .1 ) .
Also, Run 9 (13.75% amorphous s i l ic a )  obtained a lower value of CO2 
production than that in other runs. This is attributed to the fact  
that the large surface area of the sand pack/Kaolin or amorphous 
s i l ic a  mixture produces LTO reactions ahead of the combustion front .  
This behaviour is responsible for the appearance of lower CO2 mol 
fraction in the produced gases with increasing surface area of the 
pack.
7.1.2 Effect of oxygen enrichment
For the dry run (Run 14), a sand mixture containing 5% Kaolin and 
involving oxygen enrichment of 35% oxygen, the O2 and CO production 
shows a f a i r l y  stable level of 1.3 and 4.7% (Figure 7.13) .  The CO2 
concentration value is very high compared with normal a ir  injection  
run (Run 3) and shows an increasing trend. This is expected since the 
high oxygen flux promotes the oxidation reaction.
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In Run 15, (Figure 7 .14) ,  Cold Lake crude oil with 35% oxygen 
enrichment were used. The CO and CO2 concentration trends are 
simil iar  and both increased with oxygen enrichment by approximately 
42% compared with Run 11 (Table 7 .1 ) .  The slight decrease in CO and
CO2 mol fractions a fter  3 hours is due to cooling effect of the
injected water.
During Run 16, where 25% Lower Fars core material and 35% oxygen 
enrichment were used, the CO2 production f i r s t  increases to a level of 
29% and then fa l ls  sharply to 21% after  water injection (Figure 7.15) .  
The CO2 level then increases quickly again, f in a l ly  averaging 31.7%. 
Compared with Run 13, which used the same operating conditions but 
with a i r  in jection,  the CO and CO2 concentrations are higher and O2 
concentration is lower.
Clearly, oxygen enrichment has an appreciable effect on the 
composition of the produced gases in the in situ combustion process. 
The mol fractions of CO and CO2 increased and the O2 production
decreased. The effects are due to more e f f ic ien t  combustion of fuel
and hence greater conversion to CO and CO2 . Adewusi (1986) used the 
same crude (Maya) with oxygen enrichment of 30 and 35% oxygen. The CO 
and CO2 mol fractions increased from 3.4 and 13% to 5.2 and 18%, 
respectively with 35% oxygen. These are much lower than the values 
obtained in the present work due to more heat losses in his 
experiments.
Other gases such as methane and hydrogen were produced with small 
amounts in a l l  oxygen enrichment runs (Table 7 .1 ) .
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7.1.3 Effect of natural core and metal compound additives
During Run 12 (Figure 7.16) which used 100% Lower Fars core 
material,  the concentration of C0£ began to increase to a level of 19% 
and decrease a fter  3 hours. At the same time, the composition of the 
O2 and CO stabil ised at 1.6 and 3.9% respectively. The level of CO2 
concentration is higher than those in a ll  the runs, which used a 
synthetic sand mixture (Table 7 .1 ) .  This effect is attributed to the 
clays and s i l ts  contained in the natural core material,  which have a 
high specific surface area.
In Run 13, 25% Lower Fars core was mixed with 75% s i l ic a  sand.
The mol fract ion of CO2 is re la t ive ly  low (10.5%) half hour a f ter  
ignition (Figure 7 .17) .  Later on, the CO2 production starts to 
increase and reaches a level of 15%, then declines to 13%. The 
produced gases contain 4 . 0%02» 2.6%C0, and 16.2%C02. Compared with 
previous run (100% L. Fars reservoir rock), the produced CO and CO2 
are lower and O2 production is higher, owing to the smaller percentage 
of natural core material used (25% L. Fars).
For 1% fe r r ic  oxide (Run 17, Figure 7.18) the level of CO2 
production is very low half  hour a f ter  ignition and starts to increase 
rapidly. I t  averages at 19.6% which is higher than that obtained in 
Run 1 (no addit ives).  This is due to the larger fuel consumption 
achieved with the presence of fe r r ic  oxide.
In Run 18, 1% nickel chloride is used. The CO2 mol fraction 
increases gradually to a level of 18% and averages afterward at 17.2% 
(Figure 7.19) .  On the other hand, O2 mol fract ion decreases and CO 
increases gradaully and both average at 1.1 and 3.5% respectively.
The C02 production obtained is also higher than that in Run 1.
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Run 19 (Figure 7.20) used 2% Kaolin and 1% fe r r ic  oxide in the 
sand matrix. The CO2 concentration increases to a high level of 19% 
and then fa l ls  sharply to a level of 11.5%. The average CO2 
production is 17% which is lower than that in Run 2 (2% Kaolin). This 
is possibly due to the combined effect  that fe r r ic  oxide and Kaolin 
have on promoting LTO reaction ahead of the combustion front. The O2 
and CO mol fractions show a reverse trend to each other over the 
combustion period. Two hours a f ter  water injection the ir  
concentrations are stabil ised and averaged 1.1 and 3.6% respectively.
7.2 Carbon Oxides Ratio
The average molar ratios of carbon oxides produced by oxidation 
reaction of crude oil  for  Run 1 to 20 are given in Table 7.2. These 
values are the average over the more stabil ised part of the gas 
composition prof i le  as shown in Figure 7.21 for Run 7. Appendix B 
provides the instantaneous CO/CO2 ratio for Runs 1 to 20.
As shown in Table 7.2 and Figure 7.22, the CO/CO2 ratio exhibits 
a very gradual reduction as the clay and amorphous s i l ic a  content 
increases. This is due to increased fuel consumption. However, Run 
2(2% Kaolin) demonstrates a lower value of CO/CO2 ratio than Run 3 and 
4 (5 and 10% Kaolin), and Run 9 (13.75% amorphous s i l i c a )  gives higher 
value than in Run 8 (10% amorphous s i l i c a ) .  This is due to LTO 
reaction as discussed in the previous section.
The relationship between CO/CO2 ratio and clay content observed 
in the present work is consistent with Guvenir's (1980) results, which 
found that the CO/CO2 molar ratio increased as the combustion front
Table 7.2
Carbon Oxides Ratio
Run Crude Method of Additives
No. Oil Combustion Content
1 Maya Wet 0%
2 " " 2% Kaolin
3 " " 5% Kaolin
4 " " 10% Kaolin
5 " " 15% Kaolin
6 " " 2% amorphous s i l ica
7 " " 5% amorphous s i l ica
8 " " 10% amorphous s i l ica
9 " " 13.75% amorphous s i l ica
10 Maya Isthmus Dry 3% Kaolin
11 Cold Lake Wet 0%
12 L. Fars " 5% Clays from L. Fars
13 Maya " 1% Clays from L. Fars
14 " Dry 5% Kaolin
15 Cold Lake Wet 0%
16 Maya " 1% Clays from L. Fars
17 " " 1% Ferric Oxide
18 " " 1% Nickel Chloride
19 " " 1% Ferric 0xide+2% Kaolin
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c o /c o2
Ratio
Guveni r 19.3 0% Dry 21 0.45 _
(1980) 5% Clay 0.38 - -
10% Clay 0.35 —
15% Clay 0.33 - -
15% amorphous 0.36
s i l ic a
A1-Shalable 32.4 5% Kaolin Dry 21 0.2 0.23
(1985) 5% Kaolin 3.75 0.37 0.21
10% Kaolin 3.75 0.33 0.21
10% amorphous Dry 0.194 0.25
s i l ic a
Adewusi 22.1 8.4% Kaolin Dry 21 0.26 0.2
(1986) 30 0.27 0.28
35 0.29 0.3
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moved from the 10% clay zone to the no clay zone (Table 7 .3 ) .
Comparing with results obtained in the present work, Guvenir reported 
higher values due to d if ferent  in operational conditions.
Al-Shalable (1985) also observed a reduction trend of CO/CO2 
ratio with Kaolin content (Table 7 .3 ) .  She reported the lowest values 
of CO/CO2 during a dry combustion run. This indicated preferential  
oxidation of carbon with conversion primarily to CO2 . Higher CO/CO2 
ratio was achieved during wet combustion with the same crude o i l .
The higher values of CO/CO2 obtained in Al-Shalabe's study is 
consistent with the lower fuel consumption values in her work.
The CO/CO2 ra t io  obtained with the Lower Fars Core material (Runs 
12 and 13) and also the metal compound additives (Runs 17, 18 and 19) 
are lower than those obtained with the synthetic sand matrix (Run 3),  
and when no metal compound additives were present (Runs 1 and 2) .
While the CO+CO2/N2 ratio is higher for the same cases. This is 
attributed to the higher CO2 production obtained with natural core and 
metal compound additives.
The C0/C02 ra tio  did not show any specific trend with oxygen 
enrichment as given in Table 7.2. But CQ+C02 rat j 0 increases
N2
signif icant ly  with 35% oxygen enrichment. This is due to the higher 
CO and CO2 production. Adewusi (1986) also found an increase in 
C0+C02 rat-j0 30 and 35% oxygen enrichment (Table 7 .3 ) .
N2
7.4 H/C Ratio
The apparent H/C rat io  of the fuel consumed is calculated from 
the analysis of produced gases for each combustion run as a function
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of temperature. The relationship between the H/C ratio and the 
produced gas composition (Nelson and McNeil, 1961) is:
H/C = 4 [ ( Y02/YN2)% N2 - %02 - %C02 - %C0/2]
[%C02 + XCO] (1)
Where YO2 and YN2 are the mol fraction of oxygen and nitrogen in
the injected gas and %N2 , %02» %C0, and %C02 are the mol fractions of
the produced gases. This equation is based on the assumption that a l l  
the oxygen not observed in the exit  gas had reacted to form water.
This is not quite true because some oxygen is consumed in low
temperature oxidation (LTO) reactions. Thus, the obtained H/C ratio  
is considered an apparent value.
Table 7.4 shows the average of the most stable values of H/C 
ratio of Runs 1 to 20. In some experiments negative values of H/C 
ratio occur and these are not reflected in the average values of H/C 
ra t io .  The computed H/C ratio is extremely sensitive to small errors 
in measurement. For example, in Run 1, the mol fractions of the 
produced gases are:
1.3% 02, 4.2% CO , and 15.5% C02 
The computed H/C ra t io ,  according to e q . ( l ) ,  is:
H/C = 0.45

















1 Maya 1.0 21 0% 0.45 480
2 Maya 1.0 21 2% Kaolin 1.38 485
3 Maya 1.0 21 5% Kaoli n 0.56 500
4 Maya 1.0 21 10% Kaoli n 0.48 495
5 Maya 1.0 21 15% Kaolin 0.22 509
6 Maya 1.0 21 2% amorphous s i l ica 0.22 499
7 Maya 1.0 21 5% amorphous s i l ica 0.29 488
8 Maya 1.0 21 10% amorphous s i l ica 0.58 484
9 Maya 1.0 21 13.75% amorphous s i l ica 0.45 431
10 Maya Isthamus 0.0 21 3% Kaolin 1.73 486
11 Cold Lake 1.0 21 0% 0.27 476
12 L. Fars Core 1.0 21 5% Clays of L. Fars Core 0.74 453
13 Maya 1.0 21 1% Clay of L. Fars Core 0.91 418
14 Maya 0.0 35 5% Kaolin 0.61 461
15 Cold Lake 1.0 35 0% 0.23 483
16 Maya 1.0 35 1% Clays of L. Fars Core 0.89 505
17 Maya 1.0 21 1% Ferric Oxide 1.27 446
18 Maya 1.0 21 1% Nickel Chloride 0.22 424
19 Maya 1.0 21 1% Ferric Oxide +2%
Kaolin 0.57 437
20 Maya 1.0 21 1% Kaolin treated by
acid 1.44 425
Guveni r Iola (19.3 "API) 0.0 21 5% Clay 1.48 384
(1980) 10% Clay 1.35 419
15% Clay 1.28 446
15% amorphous s i l ica 0.99 479
Al-Shalabe Maya Isthumus 0.0 21 5% Kaolin 0.88 451
(1985) 3.75 5% Kaolin 1.63 451
3.75 10% Kaolin 1.32 468
0.0 10% amorphous s i l ica 0.51 463
Adewusi Maya 0.0 21 8.4% Kaolin 0.56 399
(1986) 0.0 30 0.69 416
0.0 35 0.8 424
2.0 21 0.49 418
1.8 30 0.94 400
1.8 35 2.04 414
Therefore from e q . ( l ) :
1 4 8
H/C = 0.21
This ratio is lower by 53% than the or ig ina l .
Therefore, the H/C ratio calculations are sensitive to any change 
in the level of CO2 production. Fassihi and Brigham (1980) reported 
that when a lower H/C ratio is obtained, this indicates that more CO2 
are produced. Computer Modelling Group (1982) reported a very high 
CO2 production of 30% for normal a i r  in £du  combust ion with natural 
core material as shown in Table 7.5. They attributed this to the 
decomposition of carbonate materials which resulted in a negative H/C 
ra t io .
The present results and other investigations results show that 
the H/C ratio decreases as the combustion peak temperature increases 
(Table 7 .4 ) .  This is due to the increased fuel consumption and 
greater conversion of CO to CO2 .F a s s ih i^  at (1984) also found that 
the H/C ratio  decreased with an increase in combustion temperature.
As shown in Table 7.4, the H/C ratio decreases generally with 
increased Kaolin content. This is due to the increased amount of fuel 
consumption as the Kaolin content increased. Therefore, higher 
combustion peak temperature was achieved and lower H/C ratio obtained. 
This is supported by the lower H/C ratio achieved with amorphous 
s i l ic a  which produced larger fuel consumption values than the Kaolin 
as discussed in Chapter 4. However, with higher amorphous s i l ic a  
content of 10 and 13.75% amorphous s i l ica  (Runs 8 and 9) the H/C ratio  
are higher than 2 and 5% amorphous s i l ic a  (Run 6 and 7).  This might 
be due to thermal cracking taking place with 2 and 5% amorphous
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Computer Modelling Group (1982)
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s i l i c a ,  as the front approaches the coke zone. Although the trend of 
H/C ratio with clay content observed in the present work is in 
agreement with other investigations, the values obtained are generally 
lower (Table 7 .4 ) .
Guvenir (1980) showed that the H/C ratio decreases with increased 
clay content during dry combustion tests and pointed out the catalytic  
effect of clay on the H/C ra t io .  The lowest value of H/C ratio  
observed in his work was 0.9 with 15% amorphous s i l i c a .  This is 
higher than most of the values obtained in the present work due to 
lower fuel consumption values obtained in his study (see Table 4 .3 ) .
Al-Shalabe (1985) observed that the H/C rat io  for 10% Kaolin is 
lower than that for 5% Kaolin and the lowest value obtained for 10% 
amorphous s i l ic a  case (H/C ratio = 0 .51) .  This indicated preferential  
oxidation of carbon with a higher conversion to form CO2 rather than 
CO. Compared with the results obtained here, Al-Shalabe's results are 
higher due to the lower fuel consumption.
As shown in Table 7.4, the H/C ratio shows a decreasing trend 
with oxygen enrichment. For example, H/C ratios for Run 11 and 13 
(21% O2 ) are 0.27 and 0.99 respectively, while for Runs 15 and 16 (35% 
O2 ) they are 0.23 and 0.89. This is attributed to the higher 
combustion temperature achieved with oxygen enrichment. However, the 
H/C rat io  for Run 14 (35% O2 ) is lower than that for Run 3 (21% O2 ).  
This is also due to the higher combustion temperature achieved in the 
dry combustion test (Run 14). Adewusi (1986) conducted experiments 
with oxygen enrichment of 30 and 35% oxygen and showed re la t ive ly  low 
values of H/C ra t io .  But his results are s t i l l  higher than those 




Figures 7.23-7.42 show the cumulative l iquid production 
history and the specific gravity , the viscosity, and the rate of 
the o i l  produced over the combustion period for Runs 1 to 20. The 
dashed line in these figures represents the original crude oi l  
density. The physical properties of the original crude and the 
produced oil  for a l l  runs are reported in Table 7.6. The overall 
l iquid (oi l  and water) material balance is given in Appendix D.
The physical properties of the original crudes were taken from 
reference sources (Table 3 .2 ) .  The specific gravity of the produced 
oil was measured by weighing the portions of oil collected during the 
experiments. These values were checked against the known specific 
gravities of the original crudes and the accuracy was found to be 
better than 4%. The viscosities of the produced oil were estimated 
from Figure 7.43 which represents the relationship between ’API and 
viscosity at di f ferent temperatures.
Although toluene was used for separating emulsified water 
from the produced oi l  (generally about 40% of oi l  sample is 
toluene), the oi l-water emulsions were not completely broken in 
some cases. This causes the produced oi l  to have a higher density 
than that of the original crude o i l .  Production of clay and 
material additives (due to very small part ic le  size) also affected 
the density of the produced o i l .  Any value above the original  
crude density line is considered suspect and is discounted. These 
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Clay content 2 % (Kaolin) 
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Pressure SO psig 
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Porosity 3 3 -7 %
W.A.R. 1-0 m*/ Mm3(st) 
Injected gas : 21% 02
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Production history (Run 3)
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Porosity 3 3-79 %  
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Amorphous silica content 2 
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Amorphous silica content 13-75% 
Maya crude 
Pressure 50pscg 
S0f- 4 0 -7 7 %
Porosity 35-25%
W.A.R. 1 • 0 m9/M m* ( s t }
In jec te d  gas*. 21%  04
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Ciay content 3 % (K ao (in )  
Maya Isthmus crude 
Pressure 5 0 pstg 
Sof 36-65%
Porosity 33%
W.A.R. 0-0 m1/ M m* ( s t ) 
In jected  gas: 21% 0
Time(hrs)














































































Clay content 0 %  
Cold Lake 
Pressure 50psig
Porosity 31*92%  
W.A.R. 10 m'/Mm1 ( s t ) 
Injected gas*. 21%0.
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x Clay content 5 % (L.Fars core) 
Pressure SOpsig
s0j 2 0 %
Porosity 4 0 %
W.A.R. 1-OmVMmNst] 
Injected gas:21% 0t
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Clay content 1 % f2 5 % L.Fars♦ 7 5 % silica sand) 
Maya crude 
Pressure 50psig  
Soi 37-93%
Porosity 32*80%
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Metal compound 1 %Cferrrc oxide) 
Maya crude 
Pressure 50 pseg 
Sof 42*t0  %
Porosity 39*60%
W.A.R. 1-0 mVMm’ (st)
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Figure 7.42 Production history (Run 20)
Table 7.6
Physical Properties of Original Crude and Produced Oil
Run Crude Additives Content Injected
No Oil Gas
1 Maya 0% 21
2 Maya 2% Kaoli n 21
3 Maya 5% Kaoli n 21
4 Maya 10% Kaoli n 21
5 Maya 15% Kaoli n 21
6 Maya 2% amorphous s il ic a 21
7 Maya 5% amorphous s il ic a 21
8 Maya 10% amorphous s il ic a 21
9 Maya 13.75% amorphous s il ic a 21
10 Maya Isthmus 3% Kaoli n 21
11 Cold Lake 0% 21
12 Lower Fars 5% additives from L. Fars 21
13 Maya 1% additives from L. Fars 21
14 Maya 5% Kaoli n 21
15 Cold Lake 0% 35
16 Maya 1% additives from L. Fars 35
17 Maya 1% Ferric Oxide 35
18 Maya 1% Nickel Chloride 21
19 Maya 1% Ferric Oxide +2%
Kaolin 21
20 Maya 1% Acidised Kaolin 21
Oriqinal Crude Oil Produced Oil
•API Specific Viscosity ’API Specific Viscos'
Gravity at 20°C, Maximum Average Gravity at 21
at 20*C cp at 20*C cp
22.1 0.921 203 34 24 0.91 68
22.1 0.921 203 38 26.6 0.895 38
22.1 0.921 203 29 25.5 0.901 ’ 50
22.1 0.921 203 33 24.3 0.908 56
22.1 0.921 203 42 26.3 0.897 42
22.1 0.921 203 28. 5 24 0.91 68
22.1 0.921 203 35 22.3 0.92 88
22.1 0.921 203 32 23.1 0.915 80
22.1 0.921 203 45 23.2 0.914 80
32.4 0.863 65.5* 38 33.8 0.856 6
10.2 0.998 200,000 25 21.5 0.925 45
18.0 0.946 300 + 45 30.3 0.874 92
22.1 0.921 203 34 24.2 0.909 65
22.1 0.921 203 25 22.6 0.918 85
10.2 0.998 200,000 25 16.8 0.954 650
22.1 0.921 203 25 22.8 0.917 82
22.1 0.921 203 37 26.4 0.896 40
22.1 0.921 203 30 23.5 0.913 74
22.1 0.921 203 44 25.0 0.904 55
22.1 0.921 203 28 22.8 0.915 82









'10 2 0  2 0  4 0  S O  o O
Crude-oil g ra v ity  °API at 60°F and atmosphere pressure
FIGURE 7.43 VISCOSITY OF GAS-FREE CRUDE OIL AS A FUNCTION 
OF RESERVOIR TEMPERATURE AND STOCK-TANK 
GRAVITY.fH-K-Van Poolen “ Basic Reservoir Engg” )
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viscosity of the produced o i l .  However, for those cases ex­
hib iting  a produced o il density less than that of the original 
crude, there is confidence that the observed variation in predicted
viscosity is genuine.
Figures 7.23, 7.25, 7.32, 7.34 and 7.38 show generally similar  
trends. The density and viscosity of the produced o il increases to 
a level higher than the original crude density and then decreases 
towards the end of the run.
In Figures 7.24, 7.28, 7.29, 7.30,7.36 and 7.42, the produced 
oil density increases gradually to reach a higher level than the 
original crude density at the end of the run. The indicated viscosity  
in these cases averages 38, 68, 88, 80, 85 and 82 cp respectively.
In Run 4 (Figure 7.26), the density and viscosity of the produced 
oil shows a decreased trend over the combustion period.
The density and viscosity of the produced o i l  tend to increase 
generally over the combustion period in Figures 7.27, 7.31, 7 .33,7 .37, 
7.39, 7.40 and 7.41. At the midpoint of the combustion period, both 
density and viscosity curves dropped to low values of 0.81 gm/cm3 and 
10 cp, respectively. Later on, they s ta rt  to increase and reach a 
level of 0.975 gm/cm3 and 200 cp, then decline to 0.92 gm/cm3 and 80 cp.
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However, Bennion et al. (1978) separated the produced o il and water by 
heating and centrifuging. Heating the sample increased the density 
difference between the oil and water. The density of the produced oil  
was measured with a d ig ita l density meter and is shown in Figure 7.44(a) 
On the other hand, no production history is presented by Guvenir (1980), 
due to d i f f ic u lt ie s  in separating the viscous oil-water clay emulsions.
Al-Shalabe (1985) also experienced d i f f ic u l t ie s  in separating the 
water from the o i l-c la y  emulsion produced, which had been measured.
These gave a produced oil density higher than that of the original o il  
densities as shown in Figure 7.44(b). She found that the production 
was worse at high water injection rate and as the clay content in ­
creased, so did the migration of fines.
Moore et al. (1984) conducted laboratory tests on a number of 
d iffe ren t reservoirs and showed that some o ils  display sharp changes 
in density at the end of the test. Figure 7.44(c) demonstrates 
higher density of the produced o il than the original o il of the ir  work.
The viscosity and specific gravity of the produced o il follow a 
similar trend and vary over the combustion period. Generally, the 
o il produced is lighter and less viscous than the original crude 
(Table 7 .6 ) ,  due to the increase in the ligh t products and decrease 
of heavy fractions. Heavy components such as asphaltenes are con­
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Other investigators have observed sim ilar behaviour of the 
produced o i l .  Penberthy (1965) reported that the viscosity of the o il  
produced near the end of the tube had a viscosity one th ird  that of 
the original crude. Thomas et al (1983) observed the following 
reductions in the properties of the f in a l o il products from in $iiu 
combustion experiments with Utah ta r  sand: specific gravity, molecular 
weight, and percentage of wax, nickel and sulphur content. Burger et 
al (1985) reported that the o il produced from combustion process had 
reduced nickel, vanadium and sulphur contents. On the other hand, i t  
was richer in oxidised products and o le fins . Adewusi (1986) also 
noticed that the produced o il had a higher API gravity but lower 
viscosity and density than the original crude. Figure 7.45 and Table 
7.7 show the GC analysis for the Maya crude and the produced o i l .  The 
49 components of the Maya crude o il had reduced to 30 components for  
the produced o i1.
As shown in Table 7 .6 , the viscosity values of the produced oil  
for Kaolin runs (Runs 2, 3, 4 and 5) are lower than that with no 
Kaolin (Run 1 ). This is attributed to the higher combustion 
temperature achieved with Kaolin which produces more ligh t components 
of oil and hence reduces the viscosity of the produced o i l .  When clay 
content is increased in the sand matrix by 2, 5, and 10% Kaolin, the 
viscosity of the produced oil increases by 38, 50 and 56 cp (20*C), 
respectively, probably due to LTO reaction which occurs ahead of the 
combustion fron t. This w il l  lead to the production of ligh t component 
which some of w ill  be carried with the combustion gases. Therefore, 
the amount of l igh t o il fractions in the produced o il w il l  decrease 
and hence, the viscosity w ill  s lig h tly  increases. However, with 15% 
Kaolin (Run 5) the viscosity of the produced o il decreases to 42 cp 
(20#C), possibly due to the higher combustion temperature achieved 
comparing with Runs 2, 3, and 4 (2, 5 and 10% Kaolin).
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Figure 7.45 GC analysis for original crude and produced o il  (Adewusi, 1985)
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Table 7.6 represents a significant reduction in the viscosity of 
the produced o il for the Cold Lake crude cases (Runs 11 and 15). 
Comparing Run 1 (Maya) with Run 11 (Cold Lake) in which the same 
operational conditions were used, the viscosity of the produced oil 
for Run 1 is higher than Run 11. I t  is expected that for heavy crudes 
the visbreaking reactions to take place at temperature as low as 260#C 
(Shu and Hartman, 1986) due to higher asphaltene content, which is 
15.9 wt % for Cold Lake and only 9.4 wt % for Maya crude. The higher 
asphaltene content leads to larger fuel consumption with Cold Lake 
(15.2 kg/m3) than with Maya (12.4 kg/m3), as presented in Table 4.3, 
and hence lower viscosity of the produced o i l .  The traces of methane 
and hydrogen observed in Run 1 (Table 7.1) confirms the occurrence of 
visbreaking reaction.
Oxygen enrichment experiments (Runs 14, 15, and 16) demonstrate 
higher viscosity values of the produced oil than the normal a ir  tests  
(Runs 3, 11, and 13). This is possibly due to the larger steam zone 
occuring with oxygen enrichment. The enlarged steam zone improves oil  
displacement which therefore reduces the effect of d is t i l la t io n  and 
cracking processes.
Hansel vt at (1984) also observed higher viscosity of the 
produced oil by 10 cp (22*C) than the original crude o il with 40 to
95% oxygen. Adewusi (1986) reported a s light increase of 1.5 cp
(38'C) in the viscosity of the produced o il when 35% oxygen was used 
compared to 21% oxygen for Maya crude o i l .
Moreover, with oxygen enrichment early production of oil and
water was achieved as shown in Figures 7 .37 to 7.38. However, Figure 
7.36 (Run 14) show a delay of ha lf hour of o il and water production 
than in Run 3 (Figure 7 .24), due to the dry combustion involved in Run
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14. Comparing the overall oil production time for Run 15 (35% O2 ) 
with Run 11 (21%), i t  is 7 hours for the la t te r  and only 4 hours for 
the former. On the other hand, Runs 13 (21% O2 ) and 16(35% O2 ) 
represent same oil production time. While in Run 3 (21% O2 ) the o il 
production time is lower by 2 hours than in Run 14(35% O2 ).
Table 7.8 shows the %OOIP recovered and fuel consumption. As 
shown in Figure 7.46, the amount of oil recovered decreases with fuel 
consumption. An increase in fuel consumption w ill  lead to a reduction 
in the o il ahead of the combustion fro n t. Hence, the ultimate  
recovery of o il w ill  be lower. This is consistent with Alderman and 
Osoba (1971) work which found that an increase in o il production 
corresponded to a decrease in fuel consumption. Adewusi (1986) also 
found that the decrease in fuel concentration is the main factor  
affecting oil production during wet combustion. On the other hand, no 
comment can be made regarding the effect of clay on oil recovery 
(%OOIP), since oil recovery varies in a random manner. However, a low 
oil recovery and a high fuel consumption (%OOIP) with Lower Fars core 
material (Run 12) is due to the low in i t ia l  oil saturation (Soi 20%).
7.5 Cone!usions
(1) Generally, CO2 production from thein situ combustion process 
increases as the additives content of Kaolin, amorphous s i l ic a ,  
natural core, fe r r ic  oxide and nickel chloride in the sand pack 
increases. There is also a corresponding decrease in the CO/CO2 
ra t io .  With Kaolin content, the apparent H/C ra tio  of the fuel 
decreases. This is attributed mainly to an increase in the fuel 
























Table 7 .8  
Oil Recovery and Fuel Consumption
Crude Method of Additives Content Injected % 00IP






Maya Wet 0% 21 75.4 10.3
Maya Wet 2% Kaolin 21 73.9 12.3
Maya Wet 5% Kaolin 21 81.1 10.3
Maya Wet 10% Kaolin 21 81.3 15.5
Maya Wet 15% Kaolin 21 69.1 12.8
Maya Wet 2% amorphous s i 1 i ca 21 70.4 12.7
Maya Wet 5% amorphous s i l i  ca 21 74.2 12.4
Maya Wet 10% amorphous si 1ica 21 75.5 14.0
Maya Wet 13.75% amorphous s i l i  ca 21 64.8 18.6
Maya Isthmus Dry 3% Kaolin 21 78.4 16.7
Cold Lake Wet 0% Kaolin 21 68.7 11.7
Lower Fars Wet 5% additives from L. Fars 21 51.2 34.6
Maya Wet 1% additives from L. Fars 21 65.7 10.0
Maya Dry 5% Kaolin 35 63.1 20.4
Cold Lake Wet 0% 35 60.3 12.9
Maya Wet 1% additives from L. Fars 35 54.8 17.5
Maya Wet 1% Ferric Oxide 21 65.5 12.5
Maya Wet 1% Nickel Chloride 21 68.0 13.5
Maya Wet 1% Ferric Oxide +2% 21 58.9 20.3
Kaoli n
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Figure 7.46 Relationship between o i l  recovered and fuel consumed 
(as per Table 7.8)
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(2) The Chemical composition of the crude oil is altered during combustion 
process, and this is indicated by s ignificant change in the viscoity  
of the produced o i l .  The combustion of crude oil in the presence of 
Kaolin and amorphous s i l ic a  leads to higher API gravity, reduced 
viscosity, and an increase in the l igh ter  components of produced o i l .
(3) Oxygen enrichment to 35% oxygen results in a higher concentration of 
CO and CO2 in the produced gas than with a ir  combustion. I t  also 
leads to faster o il production.
CHAPTER 8
RECOMMENDATIONS
Further combustion tube experiments should be made to investigate 
other types of common clay materials, such as montmori1 Ionite and 
i l l i t e ,  which have a larger and more reactive surface than the 
Kaolin.
Combustion tube experiments should be supported by TGA and DSC 
techniques to enable iden tif ica tion  of ca ta ly tic  a c t iv ity  through 
a study of reaction parameters, i . e .  activation energy and 
reaction a c t iv ity  constant.
The effect of sand grain specific surface area on the Zn sotu 
combustion shoud be investigated using particles of different 
size. However, i t  w i ll  be necessary to use a heavy crude oil  
which w ill  deposit su ffic ien t fuel to sustain the combustion 
fro n t .
I f  fresh natural core material from a reservoir is available, 
further studies should explore its  effect on combustion 
parameters. In order to compare results with other types of sand 
matrix, the detailed mineral content of the natural core material 
should be analysed using Mass-Spectrometry.
Higher oxygen enrichment levels , extending to use of pure oxygen 
in jection could be investigated. This type of study should also 
be extended to include the effect of metal compound additives and 
natural core material under oxygen enrichment conditions.
High pressure studies w ill  be useful for investigating the 
influence that material additives have on the vaporisation and 
fuel deposition processes.
The combustion tube should be modified to incorporate a higher 
density arrangement of band heaters, preferably achieving fu ll 
coverage of the tube length, in order to minimise heat losses and 
to achieve an improved degree of adiabatic control. Attention 
should also be given to insulating the bottom flange from the 
combustion tube, since excessive heat losses occur when the
combustion front reaches the end of the tube.
LTO reaction was responsible for some variation in produced gas
composition and other adverse e ffects . Therefore, the effects of 
LTO of the crude oil on the performance of the in sotu combustion 
process needs to be studied.
Investigation of minimum clay content to achieve self-sustained 
combustion can be extended for l igh ter crude o i l ,  such as North 
Sea Forties (36.6° API).
Part of the measurement of the combustion front velocities  
problem is the spacing between the thermocouples (3" distance) 
through the axial probe. More thermocouples should be fixed  
along the axial probe.
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APPENDIX A
Table A .l Axial
ie (h) ThermocoupleNo: 1 2 3 4
0 277 369 340 222
i 306 395 433 267
1 319 400 440 304
l i 324 403 442 343
2 326 404 449 389
2i 314 354 410 447
3 301 339 406 449
34 293 346 410 433
4 275 319 380 419
44 270 313 379 433
5 271 319 371 441
54 259 287 342 442
6 246 286 302 423
64 235 263 291 415
7 215 248 282 397
74 198 217 263 389
8 172 187 288 369
00 wk 140 163 211 275
Temperature (°C): Run 1
5 6 7 8 9 10 11
112 73 51 41 38 37 33
139 84 59 46 39 35 31
168 97 67 52 41 35 31
222 119 91 72 58 49 43
269 161 106 105 91 78 64
317 213 139 110 108 107 107
359 253 175 131 125 124 122
408 318 215 158 124 120 121
432 376 259 193 150 127 123
462 467 336 262 207 171 138
471 485 447 328 264 219 180
472 478 478 412 319 262 215
464 477 477 443 414 316 252
457 475 478 481 498 363 276
446 471 477 477 482 455 315
438 468 475 476 477 489 340
399 455 464 464 462 468 367

























Table A.2 Axial Temperature (°C): Run 2
2 3 4 5 6 7 8 9 10
280 362 366 199 110 73 48 39 36 34
307 392 405 239 132 87 63 44 36 34
324 409 445 300 180 117 95 81 61 51
329 409 457 346 228 139 114 99 92 77
330 408 461 381 275 182 135 118 105 ' 96
331 408 461 392 289 200 143 125 112 101
331 407 461 407 312 230 167 135 121 111
315 358 434 414 328 255 194 154 131 123
288 351 387 409 340 278 209 162 134 128
268 320 373 462 388 316 249 199 161 139
273 322 362 446 424 358 288 234 191 161
256 300 366 438 448 401 321 266 221 186
235 275 348 421 452 449 368 301 251 211
212 253 327 411 450 472 416 347 290 243
202 236 303 399 443 477 456 388 325 272
184 206 294 392 441 473 478 442 366 305
174 211 296 385 435 464 473 483 426 344
174 212 299 381 428 458 468 470 466 394
162 187 287 383 436 463 475 477 474 460
151 179 270 367 416 454 466 469 464 462
125 148 198 252 276 319 331 332 323 296




0 333 424 457 307
i 364 451 493 358
1 372 453 500 397
l i 375 454 502 424
2 377 454 503 442
2* 373 432 488 455
3 366 424 478 459
3i 367 428 481 464
4 364 422 478 468
4i 361 421 472 475
5 350 407 456 470
5i 336 363 410 455
6 297 309 367 444
6i 285 302 356 438
7 252 259 323 427
n 217 224 287 406
8 205 218 281 399
00 183 189 266 397
9 174 195 264 390
10 137 161 215 375
11 119 137 183 275
Temperature (°C): Run 3
5 6 7 8 9 10 11
189 117 112 105 99 96 91
233 148 114 111 108 102 93
265 179 120 113 112 106 96
293 207 146 115 113 109 99
313 232 168 128 114 111 101
331 258 190 147 119 113 105
351 279 210 165 133 117 110
366 302 232 184 151 127 113
380 325 251 202 167 140 118
398 332 264 216 179 151 125
431 372 286 234 196 165 134
444 445 318 258 216 183 150
464 481 365 297 249 211 174
471 492 405 340 290 248 203
471 507 454 380 329 286 235
465 499 524 435 374 331 277
475 495 525 495 437 394 346
476 503 524 522 483 443 387
472 506 525 536 517 513 443
302 357 373 374 361 329 265


























Table A.4 Axial Temperature (°C): Run 4
1 2 3 4 5 6 7 8 9 10
284 382 385 234 127 86 67 53 46 40
292 378 402 273 172 103 85 72 60 51
292 370 414 318 223 139 108 98 93 83
311 398 454 362 268 179 138 118 106 100
320 401 478 420 310 221 200 141 127 113
321 397 476 443 350 262 232 163 143 130
320 378 476 457 377 297 285 189 160 141
297 326 439 453 408 344 312 238 201 171
296 339 441 444 419 363 339 265 227 193
294 347 449 459 435 384 370 298 258 220
275 313 410 452 457 411 410 332 294 254
236 266 360 446 478 449 429 375 339 299
217 247 335 431 481 467 464 395 360 319
200 226 321 416 482 490 467 425 390 350
161 187 286 394 453 483 469 435 399 359
109 144 259 365 440 473 476 452 429 398
113 132 243 356 432 472 481 467 467 438
108 116 217 347 425 471 481 477 470 459
106 112 194 334 417 467 4? D, 480 473 461
97 107 180 317 409 461 485 485 484 474
92 104 170 308 396 462 453 494 493 480
88 98 153 278 347 429 410 463 462 446
83 92 133 240 304 383 290 421 421 404


























Table A.5 Axial Temperature (°C): Run 5
Thermocouple No: 1 2 3 4 5 6 7 8 9 10
234 266 448 293 197 117 101 97 94 94
237 364 494 328 232 158 116 107 103 98
239 362 505 351 260 191 141 119 113 108
239 341 506 371 284 223 170 139 122 117
238 305 493 457 305 253 196 162 141 128
160 211 444 485 331 265 229 196 166 151
150 141 383 493 350 312 254 214 187 167
153 143 341 495 375 340 279 235 205 182
151 146 282 459 382 358 301 254 221 196
150 155 267 375 386 367 315 269 234 205
151 154 239 375 383 371 327 281 246 216
137 147 208 369 377 374 334 290 254 223
136 151 185 351 376 389 342 299 264 231
134 153 165 326 373 465 355 311 275, 241
127 149 130 310 370 410 370 322 285 250
125 142 122 297 359 509 389 334 296 259
126 148 120 284 357 461 454 351 322 266
122 146 124 233 347 431 476 391 341 275
121 144 134 228 330 430 488 413 359 283
115 142 130 170 316 380 464 423 374 293
113 138 127 148 298 345 429 422 418 300
112 143 129 141 283 333 402 471 462 381
115 140 129 139 263 314 367 498 489 407
104 129 128 151 252 300 344 382 505 458
Table A.6
Time (h) Thermocouple No: 1 2 3
0 245 342 384
i 265 351 403
1 273 349 405
u 278 349 410
2 279 349 414
24 280 348 416
3 266 317 412
34 252 292 397
4 242 275 387
44 230 266 379
5 222 263 362
54 217 262 359
6 204 237 342
7 182 206 300
74 174 204 296
8 159 192 27500 154 176 269
9 152 177 265
94 144 165 261
10 133 163 231
Axial Temperature (°C): Run 6
4 5 6 7
220 114 81 56
254 133 89 66
277 165 102 74
313 208 121 107
342 246 155 111
360 274 190 126
388 302 221 162
430 321 242 184
474 357 266 206
449 388 297 227
416 409 ' 337 252
401 426 402 292
401 438 492 361
372 421 443 457
379 441 457 467
365 411 451 463
357 415 451 468
348 419 * 444 463
344 377 439 459
302 321 390 409
8 9 10 11
44 40 39 34
49 40 38 33
57 45 40 34
85 72 61 50
114 102 93 73
114 111 102 99
125 123 119 120
141 125 121 122
164 131 123 120
182 151 129 125
201 167 140 121
230 190 159 123
285 237 197 154
383 317 263 198
449 391 350 255
497 421 353 273
486 480 385 301
476 499 456 327
450 482 462 367




T ab le  A . 7 A x ia l  Temperature ( ° C ) :  Run 7
Time (h )  Thermocouple No: 1 2 3 4 5 6 7 8 9 10 11
0 258 350 379 239 141 106 92 82 76 74 67
271 359 405 269 160 110 90 82 76 72 62
1 273 351 408
COCM 176 116 91 80 74 70 59
11 275 349 411 313 220 143 110 99 89 87 77
2 274 346 416 341 253 175 125 119 109 102 96
21 269 339 410 357 279 205 147 119 120 115 102
3 261 324 430 366 300 234 174 137 122 120 106
31 247 307 377 363 311 258 196 156 130 122 109
4 244 305 374 366 321 280 219 175 146 127 111
41 V 218 255 349 370 336 296 239 193 162 139 123
5 183 184 330 465 344 298 251 209 176 151 128
51 172 171 345 486 356 304 * 259 219 187 161 135
61 133 150 331 443 416 349 284 240 207 180 147
7 180 214 315 390 421 383 310 259 222 192 156
71 163 144 298 374 412 417 338 280 238 204 165
8 117 123 263 354 399 443 365 301 253 215 173
81 114 123 255 339 385 483 393 322 269 227 181
9 113 127 245 328 372 439 420 346 285 239 190
91 115 124 241 320 361 414 488 372 302 251 199
10 102 109 210 306 349 392 427 399 321 264 207
101 97 104 203 298 358 390 417 432 355 294 231
11 95 113 204 301 359 397 421 480 391 331 263
111 84 91 180 292 353 393 415 428 407 354 288
12 79 87 168 278 335 387 408 410 445 367 305
121 91 111 168 250 291 351 371 375 362 324 260
13 89 111 163 229 265 321 340 344 329 295 236
201
Table  A.8 A x ia l  Temperature ( ° C ) :  Run 8



























2 3 4 5 6
359 406 246 136 99
353 415 278 160 104
352 414 317 210 130
350 445 349 247 164
350 465 371 277 197
350 484 385 300 225
349 413 396 319 252
307 359 395 332 282
315 301 405 347 290
303 309 436 359 295
278 305 413 389 309
275 312 393 398 334
244 301 379 398 365
234 282 357 384 398
179 273 334 363 467
147 220 334 371 411
153 209 321 377 399
140 203 329 375 417
141 204 321 377 410
127 192 313 371 405
124 189 305 365 401
122 188 299 358 396
111 181 295 354 392
104 166 282 347 388
96 158 269 330 380
n o 155 213 246 301
7 8  9 10 11
85 79 75 72 66
85 . 76 72 69 62
106 93 86 84 81
119 111 102 96 91
104 120 114 107 97
166 130 120 113 99
189 151 129 119 103
215 173 145 127 115
231 189 159 139 120
243 202 172 149 124
253 213 182 158 126
267 223 191 165 131
286 235 200 172 136
309 249 209 178 140
363 283 230 192 150
410 326 267 223 172
421 356 297 250 191
480 403 350 308 234
429 416 371 335 256
424 428 393 362 280
420 484 411 384 300
415 433 424 402 317
413 434 437 414 327
410 434 482 425 336
405 432 451 412 335
325 337 334 305 247
202
Table A.9 Axial Temperature (°C): Run 9
Time (h) Thermocouple No: 1 2 3 4 5 6 7 8 9 10 11
0 247 341 406 291 194 122 104 97 94 92 88
i 255 343 422 325 232 158 119 110 106 102 93
1 254 336 427 355 263 191 145 122 115 112 100
l i 252 330 427 378 289 220 170 142 128 120 103
2 248 323 421 393 311 246 192 161 142 128 106
2i 246 321 418 406 334 273 214 180 157 139 112
3 245 319 416 416 351 300 238 199 172 150 118
3i 245 318 413 425 365 320 • 259 216 185 159 123
4 245 317 411 431 378 338 278 233 199 168 128
4* 240 309 401 430 387 352 294 248 210 177 133
5 239 309 397 429 393 364 308 262 221 184 138
5i 153 172 337 408 395 371 323 279 237 195 150
6 147 185 297 372 402 386 345 312 271 217 172
6i 149 212 288 354 394 390 362 341 304 239 186
7 144 178 281 352 386 392 375 364 331 259 198
7i 149 193 266 353 382 398 381 376 346 276 208
8 141 165 258 352 379 387 384 383 356 290 219
8i 149 177 254 350 376 386 387 387 362 301 228
9 147 180 251 347 372 383 386 387 365 309 234
94 150 185 243 343 369 380 385 386 366 315 240
10 149 176 231 342 379 386 392 394 376 328 254
Oi—
I 137 167 222 335 370 384 393 394 379 335 259
11 136 167 213 326 363 379 389 389 376 337 261
114 134 166 211 320 357 372 384 383 372 338 263
12 122 160 201 317 362 373 385 384 374 344 270
203
Time (h) Thermocouple No: 1
Table A .10 Axial Temperature (°C): Run 10
2 3 4 5 6 7 8 9 10 11
0 261 345 419 299 195 121 95 83 74 67 59
1 265 341 448 337 238 151 118 106 94 87 76
1 268 342 477 363 270 186 134 116 111 101 97
a 264 336 473 406 307 223 164 130 119 115 103
2 261 330 465 463 334 262 197 157 133 122 108
2i 257 324 430 472 353 293 226 181 152 132 111
3 252 318 391 474 367 319 256 206 172 146 118
3i 246 308 385 453 378 339 284 228 189 159 126
4 240 302 374 403 384 355 306 249 205 170 133
41 238 301 371 394 387 368 325 269 221 182 139
5 237 298 369 387 388 378 338 286 235 191 145
51 226 283 352 376 385 386 349 302 305 201 151
6 225 282 348 368 380 391 358 316 263 211 157
61 213 265 332 358 373 442 365 325 275 221 163
7 210 264 325 349 366 480 369 335 287 230 169
71 206 258 320 343 359 484 374 343 298 240 174
8 203 256 316 338 358 450 399 357 314 254 184
00 198 248 308 334 355 397 435 371 329 269 194
9 196 246 306 330 351 373 485 381 344 285 204
91 196 246 305 328 347 368 462 467 359 301 215
10 190 239 298 323 343 363 437 486 371 315 226
101 190 238 296 319 339 358 392 462 387 329 239
























Table A .11 Axial Temperature (°C): Run 11
1 2 3 4 5
237 323 338 186 88
242 317 353 230 124
256 331 376 273 177
258 329 384 311 223
260 332 422 349 273
251 317 422 361 296
249 314 412 399 319
250 313 400 443 342
250 313 391 476 367
249 302 346 441 395
160 308 327 406 417
160 169 304 384 415
151 203 271 372 401
154 201 232 358 388
157 175 225 346 375
155 176 219 330 362
163 179 211 316 350
150 176 208 307 340
148 167 205 292 330
150 169 201 274 320
L46. 160 200 270- 310
140 162. 192 220 303
145 163 168 205 289
6 7 8 9 10
49 25 19 18 18
72 47 28 23 22
101 78 63 48 42
134 102 86 79 74
180 124 90 89 98
214 159 123 102 94
242 188 150 127 110
266 211 173 147 127
287 233 193 164 141
313 254 213 182 156
340 275 231 197 170
383 297 248 212 183
436 322 264 224 193
455 356 282 236 202
428 405 305 250 212
404 443 338 267 221
387 436 376 287 234
373 411 413 315 248
362 394 426 343 265
351 376 419 369 283
341 366 402 384 301
332 356 385 390 318
326 349 376 387 324
T ab le  A . 12 A x ia l  Tem perature  ( ° C ) :  Run 12
Time (h )  Thermocouple 1 2 3 4 5 6  7 8 9
0 277 357 380 246 132 76 57 37 31 30 29
i 111 349 391 288 185 101 74 58 45 41 40
1 277 346 396 326 230 138 95 85 82 68 63
1* in 338 392 351 264 182 121 96 92 96 90
2 268 332 387 366 288 216 151 115 99 97 88
21 264 329 380 376 306 247 178 137 115 103 91
3 218 300 313 362 320 283 209 162 136 121 110
3i 159 183 293 347 334 313 240 186 153 132 119
4 154 173 303 355 351 327 261 206 168 144 127
4* 162 176 294 368 369 336 274 222 184 155 135
5 154 166 278 390 387 340 284 236 197 167 143
5* 153 166 270 414 393 352 299 252 213 181
154
6 146 165 262 409 392 360 310 265 227 194 163
6* 140 160 246 387 395 367 319 276 238 204 170
7 128 152 220 358 398 381 328 285 247 212 176
n 128 151 209 336 392 399 340 294 256 220 181
8 126 152 204 322 381 421 254 304 263 226 186
8* 128 156 196 312 370 422 370 314 271 232
190
9 133 158 175 294 360 453 391 325 278 237
193
91 131 156 167 292 348 437 418 341 287 243
197
10 130 155 165 286 340 416 436 358 296 249
201
101 131 158 177 283 332 396 445 377 307 255
205
11 132 158 167 278 325 379 435 400 320 263 211
111 125 147 154 274 317 363 408 420 336 273
219
12 127 154 166 271 310 351 386 427 355 284 225
121 127 153 172 268 304 341 370 410 377 297
234
13 123 157 172 265 299 337 360 394 395 309 242
206
Table A .13 Axial Temperature (°C): Run 13
T1me (h) Thermocouple i  2 3 4 5 6 7 8 9 10 11
0 267 336 358 279
i 262 332 359 293
1 6 261 329 354 302
U 263 333 368 313
2 263 333 371 328
2i 258 324 371 339
3 248 315 382 368
3i 235 296 268 381
4 225 281 355 386
4* 220 278 348 387
5 193 248 278 375
cn 203 243 278 376
6 201 242 287 381
6* 195 244 272 257
7 205 252 283 365
n 202 247 260 350
8 197 240 262 346
8i 192 233 250 322
9 190 229 245 320
9i 190 225 240 318
10 186 221 235 315
104 182 218 228 311
11 179 211 221 310
i n 174 205 217 304
214 150 121 114 110 107 103
236 175 141 124 117 114 105
253 196 160 141 129 121 106
271 214 178 155 140 128 109
293 291 204 179 160 143 117
302 256 219 192 171 151 122
327 281 240 211 187 163 129
344 302 259 227 200 172 135
355 316 273 240 210 180 140
363 329 287 252 220 187 145
373 339 299 265 233 198 160
379 346 307 275 242 207 171
380 352 313 282 249 215 178
378 358 319 288 256 225 185
377 364 325 294 262 n n rLL.'i 189
376 371 331 301 269 235 195
381 388 352 322 290 257 207
374 418 357 319 288 252 203
371 415 360 325 289 259 209
370 400 370 330 290 260 210
365 390 390 340 300 265 217
361 382 391 358 309 268 22.0
358 370 389 370 305 264 218
























Table A .14 Axial Temperature (°C): Run 14
1 2 3 4 5 6 7 8 9  10
256 342 414 282 194 128 114 108 104 103
257 330 430 327 238 167 131 123 118 113
251 317 429 371 292 215 169 148 137 132
245 309 421 412 327 265 212 181 165 153
241 303 415 447 364 316 256 219 196 177
238 300 405 455 385 348 287 245 216 190
237 298 398 456 401 373 311 267 233 201
235 295 391 453 415 400 335 289 252 213
233 292 383 452 427 427 359 312 271 227
230 288 375 443 432 440 381 330 288 238
226 282 366 429 437 447 400 347 303 249
223 279 361 417 443 458 424 372 326 269
223 279 358 407 439 461 433 386 338 278
223 278 355 397 429 459 438 398 350 288
222 278 352 389 416 456 444 410 362 298
223 278 350 382 405 448 447 419 375 307
223 278 349 377 402 435 450 428 389 319
218 271 344 375 400 430 455 443 411 338
213 263 334 370 396 424 455 454 426 - 359
209 259 329 365 391 419 450 458 433 374
205 255 325 360 390 415 445 450 430 370
Table A .15 Axial Temperature (°C): Run 15
ie (h) ThermocouPle 1 2 3 4
0 240 330 421 266
i 246 320 438 297
1 252 321 406 460
l i 253 322 397 482
2 255 321 377 438
2i 185 281 276 404
3 191 267 288 364
3i 190 238 274 328
4 195 201 272 297
4i 200 193 270 292
5 180 181 279 292
5i 178 162 271 293
6 176 178 258 295
6i 173 174 254 293
7 170 170 250 288
5 6 7 8 9 10 11
175 115 102 98 95 92 88
221 132 119 112 105 105 107
296 200 151 133 126 121 111
326 219 169 144 133 125 107
423 279 208 174 155 140 113
430 376 270 220 180 158 131
417 483 324 244 203 176 148
399 454 429 291 229 193 159
378 426 475 358 264 212 170
363 409 447 443 300 231 179
345 390 421 471 380 266 195
329 374 402 427 437 310 215
333 371 398 420 449 360 249
331 370 394 410 429 360 250






















Table A .16 Axial Temperature (°C): Run 16
1 2 3 4 5 6 7 8 9  10
240 326 371 230 148 104 92 90 90 90
254 342 394 276 191 130 107 104 104 101
263 341 420 318 230 164 130 115 110 111
256 324 415 349 263 196 153 132 119 116
250 315 409 375 301 234 182 154 139 129
242 303 401 400 326 271 212 176 156 142
236 296 389 414 348 306 247 200 173 153
234 295 386 423 366 332 278 225 189 164
193 237 319 397 387 386 300 246 208 178
170 180 277 397 422 393 315 262 221 189
162 177 278 409 438 403 328 274 233 199
150 159 271 403 434 430 341 283 241 205
142 159 268 389 417 466 367 295 249 211
145 162 269 365 398 452 427 316 259 217
143 163 264 332 380 423 507 353 276 225
140 158 245 350 423 432 463 451 344 281
141 158 233 370 427 427 434 468 422 350
140 155 236 364 423 420 417 434 442 370






















Table A .17 Axial Temperature (°C): Run 17
1 2 3 4 5
242 325 379 283 194
241 317 383 321 246
236 309 380 340 277
234 305 382 359 308
233 302 386 380 334
230 297 385 395 351
226 290 382 407 363
148 167 319 399 369
142 156 267 391 377
144 170 234 379 397
145 161 221 381 416
141 154 202 382 421
139 161 182 363 399
132 151 188 343 377
135 152 192 330 360
127 144 185 319 347
121 138 183 315 343
119 132 180 308 340
115 130 171 295 331
111 127 165 283 324
6 7 8 9 10
115 99 88 77 69
158 118 114 106 99
195 143 117 116 112
229 175 140 122 121
261 204 167 144 132
286 229 190 164 145
304 249 209 180 156
319 272 231 197 170
332 287 247 212 183
351 306 266 230 220
383 334 293 257 224
422 367 322 286 252
446 375 325 288 252
422 414 338 290 250
396 420 359 297 251
375 391 376 312 260
366 375 379 325 271
360 371 375 355 280
340 358 368 360 283























Table A .18 Axial Temperature (°C): Run 18
1 2 3 4 5 6 7 8 9  10
248 331 384 270 179
254 330 394 306 216
254 323 397 333 248
251 318 396 354 273
249 316 396 367 293
246 309 393 381 315
241 304 388 389 331
237 298 382 393 343
236 297 380 395 352
206 193 365 391 358
199 228 328 372 369
161 175 305 374 382
157 178 294 362 375
153 172 279 354 376
158 180 279 352 380
155 171 268 350 381
139 152 252 347 380
144 166 247 342 375
139 154 236 332 358
129 149 224 328 353
120 138 213 312 340
106 100 96 95
116 109 103 100
129 117 111 107
154 126 119 113
177 144 128 120
202 166 145 130
229 188 162 142
253 209 177 153
273 228 192 162
297 252 208 172
327 287 227 187
396 317 265 222
389 322 274 230
399 323 278 234
399 326 281 237
389 332 283 239
400 342 287 241
380 354 292 243
378 361 296 244
368 370 302 250






















T ab le  A .19 A x ia l Tem perature ( ° C ) :  Run 19

























12 n o 133
121 107 129
3 4 5 6
391 266 171 111
409 306 213 141
422 338 248 175
424 363 277 207
418 378 302 234
415 392 324 263
411 403 341 288
397 409 355 310
390 410 366 329
388 411 373 343
360 400 379 358
332 379 374 360
324 361 369 363
300 351 373 401
248 335 388 412
221 344 407 411
220 332 412 416
219 324 400 424
190 305 380 435
191 282 360 416
175 273 342 393
172 258 327 374
143 251 313 357
137 231 304 345
137 233 294 333
132 226 286 325
7 8 9 10 11
96 90 87 86 85
112 104 98 95 88
133 116 110 105 97
159 133 119 113 103
182 152 134 121 104
208 173 150 133 111
233 194 166 145 117
256 214 182 156 125
278 234 198 167 130
294 251 211 176 136
316 275 232 190 148
302 297 246 204 163
356 316 264 220 177
365 319 273 231 186
362 321 281 240 119
361 326 288 248 199
364 329 294 255 205
370 329 294 256 206
390 339 293 255 205
420 349 298 255 205
437 369 309 259 205
424 392 323 267 208
399 417 342 279 213.
382 428 360 292 221'
366 415 382 307 230

























Table A.20 Axial Temperature (°C): Run 20
1 2 3 4 5 6 7 8 9  10
265 347 386 283 196 123 106 94 89 88
270 344 394 314 233 155 113 109 103 98
270 342 399 335 262 186 128 116 112 107
268 337 400 355 293 221 164 132 124 121
262 328 396 369 316 254 195 161 140 130
260 320 391 377 330 275 220 180 155 145
253 317 385 382 244 304 245 205 177 155
237 274 364 382 374 332 275 235 204 177
163 188 327 378 379 353 304 266 232 201
145 155 314 410 393 365 327 292 259 226
139 157 278 420 386 363 332 300 268 234
135 155 263 419 388 360 329 301 271 237
135 153 254 403 396 367 330 301 272 239
125 141 252 381 402 384 337 303 273 240
126 155 248 367 399 400 349 309 276 242
128 148 243 356 391 416 363 316 279 243
129 154 226 346 382 425 375 323 282 245
119 146 222 335 370 423 387 335 290 249
124 141 222 325 357 397 392 356 296 252
118 132 213 314 338 379 402 359 300 257
107 124 205 306 327 361 400 359 301 255
100 115 199 296 312 348 389 358 300 252
APPENDIX B
Table B.l
Produced Gas Mole Fraction (%) n
Time (h) GasN2 02 C02 CO CHi* H2 produced
2.50 79.97 6.94 10.73 2.36 0.0 0.0 0.0436
3. 78.88 4.46 13.70 2.97 0.0 0.0 0.0200
3.25 79.86 1.07 14.97 4.10 0.0 0.0 0.0137
3.50 79.77 1.75 14.69 3.79 0.0 0.0 0.0138
3.75 79.45 2.83 14.53 3.18 0.0 0.0 0.0114
4. 78.50 3.12 15.41 2.97 0.0 0.0 0.0115
4.25 77.91 2.36 16.38 3.30 0.05 0.0 0.0114
4.50 79.57 1.44 14.53 4.42 0.04 0.0 0.0114
4.75 79.25 1.32 14.67 4.63 0.05 0.08 0.0114
5. 79.18 1.40 15,07 4.28 0.03 0.04 0.0114
5.25 77.20 1.59 17.24 3.97 0.0 0.0 0.010
5.50 78.88 1.54 16.01 3.57 0.0 0.0 0.010
5.75 80.12 1.19 14.70 4.0 0.0 0.0 0.0134
6. 79.06 1.36 15.96 3.62 0.0 0.0 0.0133
6.25 77.71 1.22 16.91 4.17 0.0 0.0 0.0112
6.50 79.42 1.22 14.76 4.61 0.0 0.0 0.0111
6.75 78.92 1.18 15.34 4.55 0.0 0.0 0.0115
7. 79.30 1.13 15.15 4.42 0.0 0.0 0.0115
7.25 79.54 1.59 14.95 3.93 0.0 0.0 0.0103
7.50 78.54 3.38 14.95 3.13 0.0 0.0 0.0102
(Run 1)
C0/C02 cumulative carbon
ratio fue1 burned 91r  lnJected burned
__________ (gm)__________rnJ (St)_________ (am)_______
0.22 3.08 0.0441 2.90
0.22 1.74 0.0120 4.59
0.27 1.40 0.0139 5.92
0.26 1.36 0.0139 7.21
0.22 1.07 0.0115 8.24
0.19 1.08 0.0114 9.31
0.20 1.14 0.0112 10.45
0.30 1.15 0.0115 11.54
0.32 1.17 0.0114 12.66
0.284 1.17 0.0114 13.78
0.230 1.07 0.0098 14.85
0.223 1.02 0.010 15.85
0.27 1.34 0.0135 17.12
0.23 1.37 0.0134 18.44
0.25 1.20 0.0110 19.63
0.31 1.15 0.0112 20.73
0.30 1.20 0.0115 21.89
0.29 1.19 0.0115 23.03
0.26 1.03 0.0103 24.02
0.21 0.96 0.0102 24.96
Table B.2
Produced Gas Mole Fraction {%) «
Time (h) Gas
N2 O2 CO2 CO CHi* H2 produced
4. 84.71 5.05 7.60 2.59 0.01 0.03 0.0490
4.25 84.32 5.55 7.65 2.47 0.0 0.0 0.0475
5. 76.76 3.08 16.96 3.21 0.0 0.0 0.01950
5.25 75.49 0.92 19.51 3.98 0.10 0.01 0.0127
5.50 75.72 0.94 19.42 3.92 0.0 0.0 0.0128
5.75 75.73 1.45 19.04 3.78 0.0 0.0 0.0117
6. 77.20 1.37 17.53 3.89 0.0 0.0 0.0118
6.25 76.22 0.94 19.00 3.84 0.0 0.0 0.009
6.50 76.18 1.24 18.82 3.76 0.0 0.0 0.009
6.75 76.00 1.02 19.21 3.74 0.02 0.0 0.0105
7. 76.67 0.95 18.93 3.44 0.0 0.0 0.0105
7.25 76.39 1.08 19.05 3'41 0.02 0.05 0.0106
7.50 76.00 1.08 19.64 3.28 0.0 0.0 0.0107
7.75 75.73 0.96 19.76 3.55 0.0 0.0 0.0121
8. 75.83 1.31 19.28 3.58 0.0 0.0 0.0121
8.25 76.26 1.61 18.55 3.58 0.0 0.0 0.0127
8.50 78.07 3.31 15.43 3.06 0.12 0.01 0.0126
8.75 79.31 3.91 14.30 2.48 0.0 0.0 0.0121
9. 79.86 2.93 14.22 2.98 0.0 0.0 0.0121
9.50 80.28 2.74 14.10 2.89 0.0 0.0 0.023
(Run 2)
fuel burned a i r  injected cumulative carbon 
ratio 0 burned
___________ (gm)________ nr3 (st)____________(gm)________
0.34 3.25 0.0525 2.53
0.32 3.08 0.0507 4.98
0.19 1.96 0.0189 6.97
0.20 1.47 0.0122 8.49
0.20 1.46 0.0122 10.00
0.20 1.32 0.0113 11.36
0.22 1.27 0.0115 12.64
0.20 1.02 0.0087 13.68
0.20 1.01 0.0087 14.72
0.19 1.19 0.0101 15.94
0.18 1.17 0.0102 17.13
0.19 1.86 0.0103 18.35
0.17 1.26 0.0102 19.58
0.18 1.38 0.0116 21.02
0.19 1.36 0.0116 22.42
0.19 1.38 0.0122 23.84
0.20 1.20 0.0125 25.03
0.17 1.06 0.0121 26.06
0.21 1.11 0.0122 27.11
0.20 2.10 0.0234 29.10
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Table B.3
Produced Gas Mole Fraction {%) r
Time (h) Gas
N2 O2 CO2 CO CHi| H2 produced
4. 79.27 4.09 13.62 2.98 0.05 0.0 0.0211
4.25 77.41 1.43 17.20 3.88 0.08 0.0 0.0098
4.50 75.88 3.12 17.08 3.86 0.07 0.0 0.0098
4.75 76.29 3.73 15.59 4.30 0.09 0.0 0.016
5. 76.41 4.17 15.16 4.17 0.09 0.0 0.016
5.25 77.98 3.11 14.88 3.94 0.09 0.01 0.0159
5* 50 78.24 3.48 14.48 3.7 0.05 0.0 0.0159
5.75 76.91 3.31 16.00 3.71 0.06 0.0 0.0145
6. 76.96 3.72 15.15 4.08 0.08 0.01 0.0147
6.25 75.67 3.54 16.30 4.38 0.10 0.01 0.011
6.50 74.92 3.83 16.73 4.42 0.09 0.01 0.011
6.75 74.88 4.19 16.45 4.31 0.14 0.03 0.0155
7. 78.09 3.23 14.54 4.03 0.10 0.01 0.0155
7.25 80.22 3.23 12.88 3.54 0.11 0.02 0.0177
7.50 79.62 3.30 13.36 3.58 0.11 0.02 0.0177
7.75 79.82 3.64 12.87 3.40 0.21 0.06 0.0203
8. 81.18 3.71 12.40 2.42 0.22 0.07 0.0203
8.50 79.45 4.14 12.78 3.35 0.21 0.07 0.033
9. 75.76 2.54 16.84 4.41 0.37 0.08 0.0235










0.22 1.84 0.0213 1.78
0.23 1.05 0.0096 2.83
0.23 1.01 0.0096 3.87
0.28 1.58 0.0154 5.48
0.27 1.54 0.0155 7.05
0.26 1.54 0.0157 8.57
0.26 1.49 0.0158 10.04
0.23 1.43 0.0141 11.49
0.27 1.42 0.0143 12.92
0.27 1.12 0.0105 • 14.08
0.26 1.13 0.0104 15.26
0.26 1.56 0.0147 16.89
0.28 1.49 0.0153 18.35
0.27 1.58 0.0180 19.83
0.27 1.60 0.0178 21.35
0.26 1.78 0.0205 23.02
0.20 1.67 0.0209 24.55
0.26 2.84 0.0332 27.25
0.26 2.48 0.0225 29.79
0.27 1.93 0.0171 31.77
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Produced




















Gas Mole Fraction (%) 

























ratio fuel burned 
(gm)





0.0 0.02 0.33 1.51 0.0206 1.34
0.0 0.0109 0.25 0.98 0.0109 2.29
0.0 0.0156 0.24 1.40 0.0155 3.65
0.0 0.0256 0.26 1.92 0.0260 5.42
0.0 0.0226 0.18 2.21 0.0223 7.63
0.0 0.0238 0.19 2.24 0.0234 9.86
0.0 0.0285 0.20 2.84 0.0278 12.72
0.0 0.0214 0.22 2.00 0.0210 14.69
0.0 0.0085 0.25 0.79 0.0083 15.46
0.0 0.0296 0.26 2.46 0.0295 17.79
0.0 0.0388 0.27 3.24 0.0389 20.86
0.0 0.0099 0.24 0.88 0.0098 21.71
0.0 0.0475 0.24 4.31 0.0469 25.93
0.0 0.0304 0.23 3.07 0.0292 29.06
0.0 0.0277 0.20 3.01 0.0263 32.19
0.0 0.021 0.19 2.18 0.0203 34.42
0.0 0.0383 0.19 3.97 0.0373 38.44
0.0 0.0164 0.19 1.53 0.0164 39.92
0.0 0.0192 0.18 1.69 0.0195 41.52
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Time (h)
Produced Gas Mole Fraction (%)
N2 02 C02 CO CH„ H2
4. 78.55 1.75 16.43 3.27 0.0 0.0
4.25 79.02 1.64 16.04 3.30 0.0 0.0
4.50 78.96 1.58 16.11 3.35 0.0 0.0
4.75 78.51 1.50 16.60 3.40 0.0 0.0
5. 78.56 1.53 16.59 3.29 0.0 0.0
5.25 78.39 1.60 16.41 3.25 0.0 0.0
5.50 78.50 1.66 16.70 3.14 0.0 0.0
5.75 78.26 1.88 16.79 3.07 0.0 0.0
6. 78.50 1.97 16.48 3.05 0.0 0.0
6.25 77.89 1.65 17.33 3.13 0.0 0.0
6.50 77.53 1.61 17.69 3.18 0.0 0.0
6.75 76.97 1.69 18.18 3.18 0.0 0.0
i; 77.82 1.75 17.24 3.19 0.0 0.0
7.50 78.18 2.42 16.44 2.96 0.0 0.0
8. 79.09 1.69 16.20 3.01 0.0 0.0
8.50 78.90 1.20 16.64 3.25 0.0 0.0
9. 79.17 1.10 16.20 3.53 0.0 0.0
9.50 78.60 1.09 16.69 3.61 0.0 0.0
10. 77.52 1.07 17.78 3.63 0.0 0.0
10.50 77.05 1.03 17.91 4.01 0.0 0.0
11. 77.25 1.24 17.96 3.55 0.0 0.0




ratio fuel burned a i r  injected
cumulative
burned
(gm) m3 (st) (gm)
0.0205 0.20 2.09 0.0204 2.05
0.0102 0.21 1.03 0.0102 3.05
0.0103 0.21 1.05 0.0103 4.07
0.011 0.20 1.14 0.0109 5.18
0.010 0.20 1.03 0.0099 6.19
0.0102 0.20 1.04 0.0102 7.21
0.0103 0.19 1.05 0.0102 8.25
0.011 0.18 1.12 0.0109 9.36
0.01 0.18 1.01 0.0099 10.35
0.01 0.18 1.04 0.0099 11.39
0.01 0.18 1.05 0.0098 12.45
0.01 0.17 1.07 0.0097 13.53
0.011 0.18 1.14 0.0108 14.67
0.0211 0.18 2.09 0.0209 16.75
0.020 0.19 2.01 0.0200 18.70
0.0205 0.20 2.12 0.0205 20.77
0.0205 0.22 2.12 0.0205 22.82
0.021 0.22 2.21 0.0209 24.98
0.021 0.20 2.28 0.0206 27.27
0.021 0.22 2.32 0.0205 29.60
0.0215 0.20 2.33 0.0210 31 *9;5
0.0205 0.20 2.18 0.0201 34.15
Produced Gas Mole F ra c t io n  (X )
Time (h )  N2 02 C02 CO CH,*
3.50 78.19 5.10 14.52 2.19 0.0 0.0
3.75 78.10 2.55 15.46 3.86 0.0 0.0
4. 77.85 1.34 16.65 4.17 0.0 0.0
4.25 76.73 1.21 17.99 4.07 0.0 0.0
4.50 77.98 1.12 16.85 4.05 0.0 0.0
4.75 76.75 1.30 18.11 3.84 0.0 0.0
5. 77.76 1.31 17.10 3.83 0.0 0.0
5.25 80.17 2.25 14.60 2.82 0.09 0.05
5.50 79.39 2.22 15.45 2.94 0.0 0.0
5.75 78.25 1.37 16.49 3.89 0.0 0.0
6. 77.85 1.39 16.63 4.13 0.0 0.0
6.25 77.29 1.66 16.46 4.47 0.10 0.01
6.75 77.31 3.01 15.91 3.73 0.04 0.0
7. 77.96 5.19 14.35 2.42 0.06 0.02
7.25 78.46 5.21 13.44 2.38 0.0 0.0
7.50 78.57 1.24 16.77 3.17 0.16 0.09
7.75 78.25 1.45 16.80 3.13 0.23 0.15
8. 78.81 1.09 16.34 4.07 0.06 0.03
8.25 78.01 1.06 16.35 4.36 0.20 0.02
0.50 76.70 1.0 17.31 4.87 0.07 0.05
8.75 77.24 1.06 16.91 4.72 0.04 0.03
9. 77.47 1.01 16.53 4.67 0.29 0.03
9.50 77.59 1.11 16.72 4.45 0.09 0.03
B.6 (Run 6 )
Gas C0/C02 -lial cumulative carbon
produced ra tio  fue1 burned a1r 1nJected burned
(gm) m3 (s t)  (gm)
0.048 0.15 4.08 0.0475 4.07
0.0121 0.25 1.20 0.0120 5.26
0.0121 0.25 1.29 0.0119 6.54
0.0122 0.23 1.35 0.0118 7.90
0.0122 0.24 1.31 0.0120 9.2
0.0126 0.21 1.38 0.0122 10.60
0.0126 0.22 1.35 0.0124 11.94
0.0126 0.19 1.18 0.0128 13.05
0.0126 0.19 1.22 0.0127 14.23
0.0120 0.24 1.26 0.0119 15.47
0.0120 0.25 . 1.28 0.0118 16.74
0.0120 0.27 1.28 0.0117 18.01
0.012 0.23 1.19 0.0117 19.21
0.016 0.17 1.36 0.0158 20.57
0.010 0.17 0.84 0.0099 21.4
0.016 0.19 1.65 0.0159 23.02
0.012 0.19 1.23 0.0119 24.23
0.013 0.25 1.38 0.0129 25.58
0.012 0.27 1.28 0.0118 26.84
0.012 0.28 1.34 0.0117 28.19
0.0225 0.28 2.48 0.022 30.66
0.0113 0.28 1.23 0.0111 31.87
0.0113 0.27 1.23 0.0111 33.09
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Time (h)
Produced Gas Mole F ra c t io n  { %)
N2 02 C02 CO CHh
5. 80.13 2.99 14.58 2.30 0.0 0.0
5.50 76.93 1.56 18.07 3.44 0.0 0.0
5.50 76.82 1.1 18.22 3.86 0.0 0.0
5.75 77.35 1.26 17.61 3.77 0.0 0.0
6.25 79.92 1.41 15.12 3.55 0.0 0.0
6.50 78.32 1.12 16.27 4.29 0.0 0.0
6.75 77.93 1.09 16.71 4.27 0.0 0.0
7. 77.77 1.09 16.89 4.24 0.0 0.0
7.25 77.70 1.0 16.94 4.36 0.0 0.0
7.50 77.81 1.0 16.88 4.31 0.0 0.0
7.75 78.56 1.02 16.21 4.21 0.0 0.0
8. 77.57 0.96 17.24 4.23 0.0 0.0
8.25 77.60 1.01 17.24 4.15 0.0 0.0
8.50 77.86 0.95 17.04 4.14 0.0 0.0
8.75 78.08 1.0 16.82 4.10 0.0 0.0
9. 78.26 1.09 16.70 3.95 0.0 0.0
9.25 79.52 1.64 15.15 3.69 0.0 0.0
9.50 79.55 1.67 15.09 3.68 0.0 0.0
9.75 79.28 2.13 15.03 3.56 0.0 0.0
10. 79.20 2.69 14.63 3.48 0.0 0.0
10.50 79.62 3.51 13.58 3.29 0.0 0.0
11. 77.97 4.61 14.45 2.96 0.0 0.0
11.50 77.04 6.98 13.87 2.11 0.0 0.0
12. 79.07 8.03 11.07 1.82 0.0 0.0
B.7 (Run 7 )
produced “ t lo 2 fue1 burned a ir  1njected
(gm) m3 (s t)
0.0255 0.16 2.30 0.0259
0.0105 0.19 1.13 0.0102
0.0105 0.21 1.16 0.0102
0.0140 0.21 1.52 0.0137
0.0210 0.23 2.09 0.0212
0.0150 0.26 1.60 0.0149
0.0110 0.26 1.19 0.0109
0.0110 0.25 1.19 0.0108
0.0113 0.26 1.23 0.0111
0.0115 0.26 1.25 0.0113
0.0108 0.26 1.15 0.0107
0.0107 0.25 1.17 0.0105
0.0110 0.24 1.20 0.0108
0.0110 0.24 1.20 0.0108
0.0115 0.24 1.24 0.0114
0.0115 0.24 1.23 0.0114
0.0105 0.24 1.05 0.0106
0.0105 0.24 1.05 0.0106
0.0113 0.24 1.11 0.0113
0.0112 0.24 1.07 0.0112
0.0225 0.24 2.02 0.023
0.0215 0.24 1.91 0.021
0.0215 0.15 1.69 0.0210































T ab le  B.8 (Run 8 )
Produced Gas Mole F ra c t io n  (%) Ga$ CO/CO2
Time (h )  N2 02 C02 CO CHi+ H2 produced r a t io
5. 75.98 1.68 18.39 3.94 0.0 0.0 0.0443 0.21
5.50 77.25 1.41 17.20 4.15 0.0 0.0 0.0227 0.24
5.75 77.12 0.95 17.77 4.16 0.0 0.0 0.0111 0.23
6. 77.28 1.04 17.62 4.06 0.0 0.0 0.0112 0.23
6.25 76.96 0.97 17.99 4.08 0.0 0.0 0.0113 0.23
6.50 77.0 0.97 18.06 3.98 0.0 0.0 0.0112 0.22
6.75 77.18 1.12 17.75 3.95 0.0 0.0 0.0140 0.22
7.25 77.88 2.32 16.47 3.33 0.0 0.0 0.0140 0.20
7.50 77.8 2.31 16.54 3.35 0.0 0.0 0.0140 0.020
7.75 79.68 3.10 14.02 3.19 0.0 0.0 0.0113 0.23
8. 78.94 3.65 14.26 3.15 0.0 0.0 0.0112 0.22
8.25 81.42 2.92 12.82 2.84 0.0 0.0 0.0112 0.22
8.50 78.25 3.61 15.87 2.27 0.0 0.0 0.0111 0.14
8.75 80.01 3.16 14.74 2.09 0.0 0.0 0.0105 0.14
9. 79.75 3.62 14.53 2.11 0.0 0.0 0.0105 0.15
9.25 80.06 3.35 14.48 2.11 0.0 0.0 0.0108 0.15
9.50 82.21 2.97 12.76 2.06 0.0 0.0 0.0109 0.16
9.75 82.36 2.95 12.66 2.03 0.0 0.0 0.0105 0.16
10. 81.04 3.67 13.09 2.20 0.0 0.0 0.0105 . 0.17
10.25 79.98 3.48 14.25 2.30 0.0 0.0 0.0110 0.16
10.50 78.4 3.06 16.13 2.41 0.0 0.0 0.0110 0.15
11. 78.92 2.95 15.71 2.42 0.0 0.0 0.0205 0.15
11.50 80.33 3.80 12.86 3.00 0.0 0.0 0.0195 0.23
12. 75.64 3.27 17.85 3.25 0.0 0.0 0.0220 0.18
12.50 76.13 3.47 17.19 3.21 0.0 0.0 0.0200 0.19
fuel burned e lr  Injected cumu1^ ^ dcarbon 




























Produced Gas Mole F ra c t io n  (%)
N2 02 C02 CO CHi*
0. 78.99 5.84 12.50 2.61 0.0 0.05
.50 77.69 5.60 14.03 2.66 0.0 0.02
1. 76.75 5.25 15.31 2.68 0.01 0.01
1.50 78.47 4.72 14.20 2.61 0.0 0.0
2. 77.86 5.32 14.22 2.60 0.0 0.0
2.50 78.19 5.36 13.93 2.52 0.0 0.0
3. 78.06 5.04 14.25 2.65 0.0 0.0
3.50 77.76 4.67 14.79 2.78 0.0 0.0
4. 77.39 4.45 15.25 2.91 0.0 0.0
4.50 76.91 4.15 15.95 2.99 0.0 0.0
5. 76.70 4.32 15.94 3.04 0.0 0.0
5.50 75.19 5.96 16.40 2.45 0.0 0.0
6. 77.70 5.61 14.62 2.07 0.0 0.0
6.50 79.95 3.98 13.67 2.40 0.0 0.0
7. 79.73 3.44 14.23 2.59 0.0 0.0
7.50 80.30 2.13 14.51 3.06 0.0 0.0
8. 77.44 2.01 17.53 3.02 0.0 0.0
8.50 79.56 2.06 15.15 3.23 0.0 0.0
9. 78.99 2.22 15.57 3.23 0.0 0.0
9.50 79.73 2.26 14.74 3.28 0.0 0.0
10. 79.36 2.67 14.89 3.09 0.0 0.0
10.50 79.00 2.97 14.92 3.11 0.0 0.0
11. 79.23 2.42 15.38 2.98 0.0 0.0
11.50 77.37 3.77 16.11 2.76 0.0 0.0
12. 80.48 3.28 13.76 2.49 0.0 0.0




ratio fuel burned a ir  injected
cumulative
burnec
(gm) m3 (st) (gm)
0.0285 0.21 2.25 0.0285 2.19
0.022 0.19 1.85 0.0216 4.05
0.0215 0.17 1.91 0.0209 6.01
0.0215 0.18 1.86 0.0214 7.85
0.022 0.18 1.87 0.0217 9.72
0.0215 0.18 1.80 0.0213 11.52
0.022 0.19 1.89 0.0217 13.41
0.022 0.19 1.95 0.0217 15.37
0.022 0.19 2.01 0.0216 17.39
0.022 0.19 2.07 0.0214 19.51
0.027 0.19 2.54 0.0262 22.11
0.0185 0.15 1.66 0.0176 ^ 23.88
0.0215 0.14 1.80 0.0211 25.70
0.0215 0.18 1.84 0.0218 27.46
0.0215 0.18 1.92 0.0217 29.29
0.022 0.21 2.08 0.0224 31.25
0.0215 0.17 2.23 0.0211 33.50
0.022 0.21 2.14 0.0222 35.55
0.0225 0.21 2.21 0.0225 37.69
0.022 0.22 2.11 0.0222 39.71
0.022 0.21 2.08 0.0221 41.71
0.023 0.21 2.16 0.023 43.82
0.023 0.19 2.21 0.0231 45.96
0.0225 0.17 2.13 0.0220 48.11
0.0215 0.18 1.89 0.0219 49.89
224
T ab le  B. 10
Produced Gas Mole F ra c t io n  { %)  gas
Time (h )  N2 02 C02 CO CH„ H2 produced
0. 89.38 3.6 7.56 0.0 0.0 0.0 0.037
.50 78.04 8.15 11.92 1.89 0.0 0.0 0.0205
1. 81.49 5.30 11.46 1.75 0.0 0.0 0.0200
1.50 81.79 5.52 10.82 1.87 0.0 0.0 0.0205
2. 81.99 5.14 10.95 1.91 0.0 0.0 0.0210
2.50 81.58 4.89 11.50 2.02 0.0 0.0 0.0215
3. 80.55 5.00 12.25 2.20 0.0 0.0 0.0210
3.50 79.35 4.54 13.63 2.48 0.0 0.0 0.0205
4. 78.83 3.70 14.80 2.68 0.0 0.0 0.0210
4.50 77.60 4.08 15.56 2.76 0.0 0.0 0.0200
5. 77.43 3.98 15.81 2.78 0.0 0.0 0.0210
5.50 76.48 4.60 16.13 2.79 0.0 0.0 0.0210
6. 76.48 4.60 16.13 2.79 0.0 0.0 0.0210
6.50 76.36 4.43 16.37 2.84 0.0 0.0 0.0190
7. 76.33 4.34 16.52 2.81 0.0 0.0 0.0210
7.50 78.49 4.56 14.19 2.76 0.0 0.0 0.0205
8. 77.72 3.85 15.46 2.98 0.0 0.0 0.0210
8.50 76.67 3.74 16.41 3.18 0.0 0.0 0.0210
9. 75.16 3.81 17.59 3.44 0.0 0.0 0.021
9.50 . 74.93 3.55 17.98 3.55 0.0 0.0 0.021
10. 77.46 3.62 15.15 3.78 0.0 0.0 0.0215
10.50 76.56 3.23 16.22 3.99 0.0 0.0 0.0215



























- , . j  cumulative carbonfuel burned a ir  Injected burned

























Produced Gas Mole Fraction (%)
Time (h) N2 02 C02 CO CHi* H2
3. 78.08 2.10 15.38 4.4 0.25 0.01
3.50 79.06 1.73 14.24 4.97 0.18 0.0
4. 76.47 1.33 17.07 5.12 0.16 0.0
4.50 77.37 1.19 16.17 5.26 0.15 0.0
5. 76.47 1.23 17.65 4.64 , 0.32 0.01
5.50 76.39 1.12 17.48 4.51 0.27 0.01
5.75 77.19 1.09 17.26 4.47 0.3 0.01
6. 77.33 1.02 17.24 4.41 0.54 0.1
6.25 77.15 1.01 17.58 4.27 0.89 0.66
6.50 77.56 0.99 17.12 4.33 0.84 0.21
6.75 77.90 1.0 16.80 4.30 0.81 0.2
7. 78.49 0.98 16.29 4.24 0.85 0.14
7.25 77.54 0.99 17.24 4.22 0.51 0.2
7.50 77.41 1.05 17.55 3.99 0.48 0.07
7.75 78.95 1.07 15.91 4.07 0.53 0.07
8. 78.23 1.06 16.63 4.08 0.16 0.11
8.25 78.41 1.10 16.42 4.07 0.10 0.0
8.50 78.71 1.39 16.02 3.87 0.0 0.0
8.75 80.31 1.55 14.14 4.00 0.0 0.0
9. 78.83 1.81 15.60 3.75 0.0 0.0
Gas C0/C02 o , cumulative carbon
produced rat io  fue1 burned a i r  lnJected burned
(gm) m3 (st)  (gm)
0.0210 0.29 2.15 0.0208 2.11
0.0210 0.35 2.14 0.0210 4.16
0.0215 0.30 2.40 0.0208 4.58
0.0210 0.33 2.30 0.0206 8.86
0.0220 0.26 2.46 0.0213 11.35
0.0140 0.25 1.57 0.0135 12.95
0.0135 0.26 1.49 0.0132 14.44
0.045 0.26 1.60 0.0142 16.03
0.0103 0.24 1.14 0.0101 17.18
0.0102 0.25 1.12 0.0100 18.29
0.0102 0.26 1.11 0.0101 19.38
0.0103 0.26 1.10 0.0102 20.45
0.0100 0.24 1.09 0.0098 21.54
0.0105 0.23 1.15 0.0103 22.69
0.0105 0.26 1.10 0.0105 23.75
0.0105 0.25 1.12 0.0104 24.86
0.0105 0.25 1.11 0.0104 25.95
0.0105 0.24 1.09 0.0105 27.01
0.0102 0.28 1.00 0.0104 27.95
0.0103 0.24 1.04 0.0103 28.96
226
T ab le  B. 12
Produced Gas Mole F ra c t io n  { %)  ga j
Time (h )  N2 02 C02 CO CH^ H2 produced
1.50 80.45 8.63 9.23
2. 80.65 8.37 9.24
2.50 80.88 7.71 9.69
3. 80.90 7.22 9.82
3.50 81.88 6.94 9.64
4. 82.70 4.69 10.70
4.50 79.80 1.54 15.43
5. ( 78.04 1.61 16.67
5.50 75.42 1.28 19.44
6. 76.03 1.17 18.83
6.50 75.79 1.15 19.16
7. 75.87 1.10 19.23
7- 50 75.68 1.05 19.34
8. 77.18 0.99 17.75
8.50 75.88 0.87 19.10
9. 76.29 0.99 18.72
9.50 78.20 1.01 16.67
10. 75.14 1.01 19.93
10.50 76.84 1.04 18.22
11. 77.18 1.17 17.92
J.1.50 77.86 1.35 17.24
12. 78.53 2.94 15.76
12.50 78.28 2.64 15.96
1.69 0.0 0.0 0.023
1.74 0.0 0.0 0.0225
1.91 0.0 0.0 0.0220
2.07 0.0 0.0 0.0225
1.54 0.0 0.0 0.0215
1.91 0.0 0.0 0.0220
3.23 0.0 0.0 0.022
3.68 0.0 0.0 0.0235
3.86 0.0 0.0 0.0225
3.96 0.0 0.0 0.0245
3.89 0.0 0.0 0.0205
3.80 0.0 0.0 0.0215
3.93 0.0 0.0 0.0215
4.08 0.0 0.0 0.0214
4.06 0.0 0.0 0.0210
4.01 0.0 0.0 0.0215
4.12 0.0 0.0 0.0215
3.92 0.0 0.0 0.0200
3.90 0.0 0.0 0.0210
3.73 0.0 0.0 0.0210
3.55 0.0 0.0 0.0200
2.77 0.0 0.0 0.0200
3.11 0.0 0.0 0.0205
(Run 12 )
;o/co2
•at1o fuel burned a ir  Injected
cumulative < 
burned
(gm) m3 (s t) (gm)
0.18 1.38 0.0234 1.27
0.19 1.37 0.0230 2.53
0.20 1.41 0.0225 3.82
0.21 1.49 0.023 5.18
0.16 1.38 0.0223 6.40
0.18 1.62 0.0230 7.81
0.21 2.18 0.0222 9.89
0.22 2.45 0.0232 12.32
0.20 2.56 0.0215 14.98
0.21 2.76 0.0236 17.82
0.20 2.33 0.0197 20.21
0.20 2.44 0.0206 22.73
0.20 2.46 0.0206 25.27
0.23 2.32 0.0205 ^ 27.59
0.21 2.46 0.0202 30.06
0.21 2.43 0.0208 32.54
0.25 2.31 0.0213 34.81
0.20 2.32 0.0190 37.23
0.21 2.33 0.0204 39.59
0.21 2.29 0.0205 41.90
0.21 2.12 0.0197 44.01
0.18 1.91 0.0199 45.90




T ab le  B. 13
Produced Gas Mole F ra c t io n  (%) 6as
Time ( h) N2 02 C02 CO CHj» H2 produced
0. 85.41 3.29 10.55 0.75 0.0 0.0 0.0075
.50 83.47 1.42 10.51 4.60 0.0 0.0 0.0060
1 82.87 1.54 11.55 4.04 0.0 0.0 0.0015
1.50 79.96 1.04 15.16 3.83 0.0 0.0 0.0045
2. 80.46 1.23 14.56 3.75 0.0 0.0 0.0035
2.50 80.06 0.99 15.11 3.85 0.0 0.0 0.007
3. 80.34 4.06 12.98 2.62 0.0 0.0 0.0205
3.50 79.78 4.32 13.29 2.61 0.0 0.0 0.0215
3.75 79.50 4.41 13.45 2.64 0.0 0.0 0.0110
4. 79.12 4.36 13.88 2.64 0.0 0.0 0.0110
4.25 78-62 4.39 14.23 2.67 0.0 0.0 0.0110
4.50 77.94 4.25 15.12 2.69 0.0 0.0 0.0110
4.75 77.81 4.35 15.15 2.69 0.0 0.0 0.0110
5. 76.07 4.97 16.55 2.42 0.0 0.0 0.0110
5.25 78.41 4.13 14.78 2.68 0.0 0.0 0.0110
5.50 77.48 3.77 15.99 2.77 0.0 0.0 0.0110
5.75 77.38 3.67 16.18 2.77 0.0 0.0 0.0110
6. 76.57 3.20 17.48 2.75 0.0 0.0 0.0110
6.25 76.60 3.43 17.23 2.73 0.0 0.0 0.0120
6.50 76.79 3.42 17.05 2.73 0.0 0.0 0.0120
7. 77.12 4.11 16.17 2.59 0.0 0.0 0.0215
7.50 80.11 3.09 14.53 2.27 0.0 0.0 0.0225
8. 79.22 3.26 15.34 2.18 0.0 0.0 0.0215
8.50 81.37 3.02 13.29 2.31 0.0 0.0 0.022
(Run 13 )
ra tio 2 burne(* a1r ^nJected























































Produced Gas Mole Fraction (X) 



































































c o /c o 2







0.08 0.0195 0.21 3.13 0.021 2.81
0.02 0.018 0.19 2.92 0.0190 5.49
0.06 0.0185 0.17 2.97 0.0197 8.19
0.01 0.018 0.17 2.85 0.0194 10.74
0.06 0.019 0.18 3.06 0.0201 13.54
0.08 0.018 0.19 2.97 0.0187 16.32
0.C9 0.0185 0.19 3.14 0.0187 19.35
0.08 0.0185 0.18 3.22 0.0183 22.52
0.09 0.0185 O.19 3.15 0.0188 25.54
0.08 0.0092 0.18 1.63 0.0092 27.14
0.05 0.0093 0.17 1.63 0.0092 28.73
0.02 0.0095 0.16 1.69 0.0094 30.39
0.0 5 0.0095 0.16 1.70 0.0094 32.08
0.0 5 0.0095 0.16 1.68 0.0093 33.75
0.0 4 0.0095 0.16 1.69 0.0093 35.43
0.0 6 0.0095 0.15 1.73 0.0092 37.18
0.0 5 0.0095 0.15 1.72 0.0091 38.91
0.0 4 0.0095 0.15 1.71 0.0092 40.64
0.0 0.0095 0.15 1.70 0.0092 42.36
0.0 0.0098 0.15 1.73 0.0095 44.11
0.0 0.0097 0.15 1.78 0.0095 45.90
0.0 0.0098 0.15 1.73 0.0094 47.66
0.0 0.0097 0.15 1.74 0.0093 49.42
0.0 0.0095 0.14 1.71 0.0089 51.18
0.0 0.0095 0.15 1.69 0.0091 52.91
0.0 0.0100 0.15 1.78 0.0096 54.73
0.0 0.0100 0.15 1.78 0.0096 56.53
0.0 0.0100 0.15 1.80 0.0095 58.38
0.0 0.0100 0.15 1.81 0.0095 60.23
0.0 0.0100 0.14 1.80 0.0095 62.07
0.0 0.0100 0.14 1.81 0.0095 63.93
229
Produced Gas Mole F ra c t io n  { %)
Time (h )  N2 02 C02 CO CH  ^ H2
.50 68.21 1.30 25.46 5.03 0 .0 0 .0
1. 64 .64 0 .33 28.56 6 .46 0 .0 0 .0
1.25 60 .98 0 .06 30.44 8 .2 4 0 .19 0.09
1.50 61.57 0 .0 8 30.31 7.77 0.19 0 .0 8
1.75 61 .60 0 .0 8 29.75 8 .5 0 0 .0 0.08
2. 60 .78 0 .08 30.18 8 .7 0 0.19 0.08
2 .25 61.57 0 .41 29.41 8 .5 4 0 .6 0 .06
2 .50 62.62 0.32 29.90 6 .8 8 0 .19 0 .08
2 .75 64 .52 0 .79 28.22 6 .18 0.21 0.09
3. 63 .79 0 .3 8 28.76 6.71 0 .25 0.11
3 .25 62 .56 0 .14 29.78 7 .14 0 .28 0.11
3 .50 62.23 0 .09 29.69 7.57 0 .30 0.12
3 .75 62 .13 0 .12 29.61 7 .76 0 .28 0.11
4. 61 .50 0 .09 30.33 7 .72 0.25 0.11
4 .25 60 .93 0 .06 31 .04 7 .66 0.23 0.09
4 .50 61 .39 0 .0 8 30.62 7 .58 0.23 0.09
4.75 62 .36 0 .27 29 .70 7.39 0 .2 0 0 .08
5. 62 .57 0 .2 8 29 .42 7.43 0 .22 0 .08
5 .25 62 .73 0 .32 29.27 7.43 0 .17 0 .08
5 .50 62 .94 0 .4 4 28 .98 7 .36 0 .19 0 .08
5 .75 57 .56 0 .46 34 .28 7 .63 0 .0 0 .07
6. 64 .08 0 .4 8 28 .20 6 .99 0 .18 0.07
B .15 (Run i 5 )
produced ®  ^  <"!•«*<
(gm) m3 ( s t )  (gm)
0.0305 0 .20 5.10 0.032 4 .72
0.0125 0 .23 2.27 0.012 6 .94
0.0125 0.27 2.42 0.011 9 .39
0 .0125 0 .26 2 .39 0.012 11.81
0.0095 0 .29 1.83 0 .009 13.66
0.0095 0.29 1.84 0 .008 15.55
0.0100 0 .29 1.91 0 .009 17.45
0.0100 0.23 1.87 0 .010 19.32
0.0093 0 .22 1.66 0 .009 20.94
0.0092 0.23 1.69 0 .009 22 .60
0.0095 0 .24 1.78 0.009 24 .38
0.0095 0.25 1.79 0.009 26 .18
0.0085 0 .26 1.61 0 .008 27 .79
0.0085 0 .25 1.62 0 .008 29 .45
0.0093 0 .25 1.78 0 .008 31 .25
0.0092 0 .25 1.77 0.009 33 .04
0.0090 0 .25 1.69 0 .008 34 .74
0.0090 0 .25 1 .68 0 .008 36 .42
0.0075 0 .25 1.40 0.007 37 .82
0 .0075 0 .2 5 1.39 0.007 39.26
0.07 0 .22 1.50 0 .006 40 .80
0.07 0 .25 1.37 0 .007 42 .13
230













ratio fuel burned a ir  Injected
cumulative
burned
(gm) m3 (st) (gm)
.50 69.16 1.94 25.67 3.23 0.0 0.0 0.025 0.13 4.01 0.0266 3.67
1. 67.30 1.93 27.16 3.61 0.0 0.0 0.019 0.13 3.14 0.0197 6.63
1.50 66.55 2.02 28.04 3.39 0.0 0.0 0.021 0.12 3.49 0.0215 9.98
2. 65.88 2.02 29.33 2.78 0.0 0.0 0.019 0.09 3.18 0,0193 13.08
2.50 68.46 1.95 26.26 3.30 0.0 0.03 0.019 0.13 3.07 0.02 15.93
3. 72.00 2.07 21.55 4.35 0.0 0.04 0.018 0.20 2.76 0.0199 18.30
3.50 70.85 2.04 22.58 4.49 0.0 0.04 0.019 0.20 2.97 0.0207 20.91
3.75 68.61 1.99 24.61 4.75 0.0 0.04 0.0095 0.19 1.54 0.0100 22.32
4. 67.25 1.85 26.07 4.78 0.0 0.05 0.0095 0.18 1.58 0.0098 23.81
4.50 62.07 0.71 30.21 6.76 0.13 0.09 0.0100 0.20 1.76 0.0098 25.55
4.75 60.76 0.44 31.53 7.06 0.16 0.07 0.0095 0.22 1.86 0.0095 27.43
5. 60.49 0.32 32.30 6.87 0.0 0.03 0.0095 0.22 1.82 0.0088 29.29
5.25 60.08 0.36 33.02 6.54 0.0 0.0 0.0105 0.20 1.83 0.0088 31.18
5.50 61.41 0.20 31.27 6.68 0.44 0.0 0.0105 0.21 2.03 0.0097 33.29
5.75 61.47 0.28 31.20 6.62 0.42 0.0 0,0103 0.21 1.99 0.0099 35.31
6. 61.12 0.20 31.38 6.88 0.37 0.0 0.0102 - v|lf65'" 0,0097 37.29
6.25 61.14 0.21 31.24 7.05 0.0 0.0 0.0102 0.23
• ... I" -
: • i m  ■ 0.0066 39.27
6.50 61.04 0.16 31.42 7.32 0.0 0.07 0.0103; 0.23- 0,0096 41.25
6.75 59.33 0.20 33.21 7.26 0.0 0.0 0.0103 0,22 i;98 0.0097 43.27
7. 60.10 0.80 32.00 7.07 0.0 0.03 0.0162 0.22 2; 03 0.0094 45.39
7.25 61.55 0.98 30.64 6.81 0.0 0.03 0.0100. 0.22 1;95 0.0094 47.41
7.50 63.59 1.06 29.21 6.12 0.0 0.03 0.0100 0.21 1.87 0.0095 49.31
7.75 65.47 1.08 28.19 5.21 0.0 0.05 0.0100 0.18 1.81 0.010 51.10
8. 66.36 1.96 26.69 4.76 0.13 0.10 0.0100 6.18 1.76 0.010 54.39
231
T ab le  B. 17
Produced Gas Mole F ra c t io n  ( %)  Qas
Time (h )  N2 02 C02 CO CHi* H2 produced
.50 86.51 3.99 8.09 1.40 0.0 0.0 0.0505
1. 83.49 4.62 10.12 1.77 0.0 0.0 0.0195
1.50 83.88 3.65 10.52 1.92 0.0 0.0 0.0180
2. 81.76 2.99 12.83 2.43 0.0 0.0 0.0190
2.50 78.77 2.52 15.82 2.89 0.0 0.0 0.0185
3. 78.87 2.88 15.02 3.22 0.0 0.0 0.0195
3.50 77.08 2.60 16.93 3.39 0.0 0.0 0.0210
3.75 74.56 2.80 19.63 3.01 0.0 0.0 0.0100
4. 75.75 2.84 18.88 2.54 0.0 0.0 0.0100
4.50 74.48 2.21 19.94 3.37 0.0 0.0 0.0102
4.50 74.47 2.41 19.75 3.38 0.0 0.0 0.0103
4.75 74.13 2.45 20.05 3.37 0.0 0.0 0.0103
5. 73.91 2.39 20.29 3.41 0.0 0.0 0.0102
5.25 72.98 2.61 20.82 3.58 0.0 0.0 0.0105
5.75 74.55 2.16 19.48 3.80 0.0 0.0 0.0100
6. 75.74 1.29 19.05 3.93 0.0 0.0 0.0100
6.25 75.69 1.09 19.34 3.89 0.0 0.0 0.0102
6.50 75.43 1.12 19.71 3.73 0.0 0.0 0.0103
6.75 75.56 1.34 19.38 3.73 0.0 0.0 0.0098
7. 75.81 2.15 18.58 3.46 0.0 0.0 0.0077
7.25 75.97 2.51 18.45 3.07 0.0 0.0 0.0097
7.50 77.27 3.19 16.82 2.72 0.0 0.0 0.0098
7.75 78.53 3.40 15.58 2.49 0.0 0.0 0.0100
8. 79.55 3.47 15.03 1.95 0.0 0.0 0.0100
8.50 79.25 3.46 15.26 2.02 0.0 0.0 0.0105
(Run 17 )
C0/C02
ratio fuel burned a ir  injected
cumulative
burne
(gm) m3 (s t) (gm)
0.17 3.31 0.0553 2.43
0.17 1.39 0.0206 3.61
0.19 1.36 0.0191 4.75
0.19 1.62 0.0197 6.22
0.18 1.79 0.0184 7.98
0.21 1.85 0.0195 9.78
0.20 2.14 0.0205 11.95
0.15 1.08 0.0094 13.10
0.13 1.04 0.0096 14.18
0.17 1.14 0.0096 15.39
0,17 1.14 0.0097 16.60
0.17 1.15 0.0097 17.82
0.17 1.15 0.0095 19.05
0.17 1.20 0.0097 20.35
0.20 1.12 0.0094 21.53
0.21 1.13 0.0096 22.70
0.20 1.16 0.0098 23.90
0.19 1.18 0.0098 25.12
0.19 1.10 0.0093 26.27
0.19 1.05 0.0094 27.36
0.17 1.03 0.0094 28.42
0.16 0.95 0.0095 29.39
0.16 0.93 0.0099 30.31
0.13 0.89 0.0101 31.17




Produced Gas Mole F ra c tio n  (%)
Time (h )  N2 02 C02 CO CHW
.50 79.38 5.77 13.38 1.47 0.0
1. 79.09 4.66 14.69 1.56 0.0
1.50 78.97 4.58 14.88 1.57 0.0
2. 79.20 4.47 14.80 1.54 0.0
2.50 79.21 4.07 15-12 1.59 0.0
3. 78.33 4.11 15.82 1.75 0.0
3.50 78.25 3.56 16.43 1.76 0.0
4. 78.17 2.90 17.00 1.93 0.0
4.50 77.92 2.50 17.65 1.93 0.0
5. 76.85 2.29 18.32 2.54 0.0
5.25 77.42 2.23 17.78 2.57 0.0
5.50 77.19 1.46 16.18 3.16 0.0
5.75 77.25 1.12 17.85 3.73 0.0
6. 77.26 1.17 17.72 3.79 0.0
6.25 78.67 1.16 16.20 3.90 0.0
6.50 78.78 1.11 16.25 3.85 0.0
6.75 78.73 1.10 16.40 3.77 0.0
7. 78.57 1.12 16.59 3.73 0.0
7.25 78.61 1.10 16.71 3.58 0.0
7.50 77.93 1.01 17.51 3.54 0.0
7.75 77.95 1.03 17.52 3.49 0.0
8. 77.44 1.01 18.15 3.41 0.0
8.25 77.53 0.95 18.11 3.40 0.0
8.50 77.90 1.00 17.72 3.38 0.0
8.75 78.93 1.01 17.70 2.36 0.0
9. 78.61 0.99 17.08 3.32 0.0





ratio fuel burned 
(gm)





0.0 0.0435 0.11 3.37 0.0437 3.28
0.0 0.0185 o . u 1.55 0.0185 4.80
0.0 0.0195 0.11 1.65 0.0195 6.43
0.0 0.0190 0.10 1.61 0.0190 8.01
0.0 0.0190 0.11 1.65 0.0191 9.62
0.0 0.0195 0.11 1.74 0.0193 11.36
0.0 0.0195 0.11 1.80 0.0193 13.16
0.0 0.0190 0.11 1.82 0.0188 14.98
0.0 0.0200 0.11 1.97 0.0197 19.97
0.0 0.0190 0.14 1.96 0.0185 18.98
0.0 0.0100 0.14 1.02 0.0098 20.01
0.0 0.0100 0.20 1.01 0.0100 21.00
0.05 0.0098 0.21 1.06 0.0095 22.06
0.06 0.0097 0.21 1.06 0.0095 23.13
0.06 0.0105 0.24 1.08 0.0103 24.18
0.0 0.0102 0.24 1.07 0.0102 25.22
0.0 0.0100 0.23 1.05 0.0100 26.24
0.0 0.0100 0.22 1.05 0.0099 27.27
0.0 0.0100 0.21 1.05 0.0100 28.30
0.0 0.0100 0.20 1.08 0.0099 29.37
0.0 0.0100 0.20 1.07 0.0099 30.44
0.0 0.0100 0.19 1.09 0.0098 31.53
0.0 0.0098 0.19 1.06 0.0096 32.66
0.0 0.0097 0.19 1.05 0.0096 33.64
0.0 0.0100 0.13 1.04 0.0100 34.66
0.0 0.0100 0.19 1.06 0.0100 35.69
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.50 78.72 5.00 13.72 2.56 0.0 0.0 0.0445 0.19
1. 80.87 4.12 12.72 2.29 0.0 0.0 0.0215 0.18
1.50 79.67 4.56 13.47 2.30 0.0 0.0 0.0215 0.17
2. 79.85 4.47 13.42 2.26 0.0 0.0 0.0215 0.17
2.50 79.37 4.95 13.46 2.22 0.0 0.0 0.0220 0.16
3. 79.44 4.72 13.58 2.25 0.0 0.0 0.0215 0.17
3.50 79.37 4.17 14.13 2.33 0.0 0.0 0.0215 0.17
4. 78.05 5.57 14.03 2.34 0.0 0.0 0.0220 0.17
4.50 77.83 5.36 14.39 2.42 0.0 0.0 0.0215 0.17
5. 77.41 4.73 15.35 2.52 0.0 0.0 0.0230 0.16
5.50 81.25 3.41 13.20 2.14 0.0 0.0 0.0205 0.16
6. 80.50 2.28 14.80 2.40 0.0 0.0 0.0205 0.16
6.50 78.67 1.65 17.03 2.65 0.0 0.Q 0.0225 0.16
6.75 79.25 1.42 16.27 3.06 0.0 0.0 0.0113 0.19
7. 78.16 1.12 17.02 3.70 0.0 0.0 0.0112 0.22
7.25 79.19 1.19 15.86 3.77 0.0 0.0 0.0115 0.24
7.50 78.49 1.15 16.62 3.74 0.0 0.0 0.0115 0.22
7.75 77.53 1.15 17.71 3.61 0.0 0.0 0.0118 0.20
8. 76.44 1.05 19.00 3.51 0.0 0.0 0.0117 0.18
8.25 76.97 1.08 18.45 3.SI 0.0 0.0 0.0117 0.19
8.50 76.40 0.97 19.09 3.54 0.0 0.0 0.0118 0.19
9. 77.08 1.07 18.37 3.48 0.0 0.0 0.0235 0.19
9.50 78.39 0.94 17.02 3.65 0.0 0.0 0.0230 0.21
10. 78.91 1.08 16.41 3.60 0.0 0.0 0.0230 0.22
10.50 80.44 1.04 14.74 3.78 0.0 0.0 0.0225 0.26
11. 80.00 1.32 15.14 3.54 0.0 0.0 0.0205 0.23
11.50 80.49 1.42 14.56 3.53 0.0 0.0 0.0230 0.24
12. 80.75 1.47 14.16 3.63 0.0 0.0 0.0230 0.26
12.50 82.84 1.66 11.85 3.65 0.0 0.0 0.0200 0.31
, . . . . , . . , cumulative carbon
fuel burned air Injected burned































Produced Gas Mole Fraction (%)
N2 02 C02 CO CHi*
0. 83.45 5.62 9.22 1.71 0.0 0.0
.50 83.08 5.74 9.48 1.69 0.0 0.0
1. 82.91 6.14 9.28 1.68 0.0 0.0
1.50 82.86 5.74 9.66 1.74 0.0 0.0
2. 80.10 7.86 10.21 1.81 0.0 0.0
2.50 82.37 5.46 10.34 1.83 0.0 0.0
3. 82.44 4.13 11.31 2.11 0.0 0.0
3.50 81.59 4.79 11.47 2.15 0.0 0.0
4. 78.85 2.45 15.65 3.05 0.0 0.0
4.50 77.63 1.77 17.33 3.27 0.0 0.0
5. 75.58 1.13 19.23 4.06 0.0 0.0
5.50 75.90 1.39 18.72 3.99 0.0 0.0
6. 75.78 1.18 18.89 4.15 0.0 0.0
6.50 76.54 1.11 18.23 4.12 0.0 0.0
7. 77.19 1.15 17.50 4.16 0.0 0.0
7.50 77.21 1.37 17.37 4.05 0.0 0.0
8. 77.04 1.72 17.31 3.93 0.0 0.0
8.50 77.43 2.67 16.22 3.69 0.0 0.0
9. 78.32 3.96 15.08 2.64 0.0 0.0
B. 20 (Run 20)
Gas C0/C02 f  , b d injected cumulative carbon 
produced rat io  uumcu an burned
(gm) ma (st)  (gm)
0.0380 0.19 2.52 0.0401 2.11
0.0210 0.18 1.40 0.0221 3.30
0.0200 0.18 1.31 0.0210 4.41
0.0205 0.18 1.39 0.0215 5.60
0.0200 0.18 1.30 0.0203 6.82
0.0200 0.18 1.41 0.0209 8.06
0.0205 0.19 1.58 0.0214 9.45
0.0215 0.19 1.64 0.0222 10.94
0.0195 0.19 1.89 0.0195 12.79
0.0215 0.19 2.24 0.0211 15.04
0.0210 0.211 2.40 0.0201 17.52
0.0215 0.21 2.41 0.0207 20.00
0.0215 0.22 2.44 0.0206 22.51
0.022 0.23 2.46 0.0213 25.01
0.0215 0.24 2.36 0.0210 27.37
0.0220 0.23 2.38 0.0215 29.76
0.0210 0.23 2.25 0.0205 32.02
0.0205 0.23 2.07 0.0201 34.10





Table C.l  shows the overall difference between the calculated 
mol of a i r  injected and the total mol£ of gas produced. I t  also 
shows the difference in oxygen balance since nitrogen is not involved 
in any of the crude oil  oxidation reactions. Example 1 represents a 
simple calculation of the gas and O2 material balance for Run 1.
The differences in oxygen balance for a ll  runs vary from -1 .8  to 
5.5% for Runs 11 and 15, respectively. In the other hand, the overall 
gas difference for a l l  runs shows variation on the range of 7 I I . 8  to
1.7% for Runs 6 and 13, respectively.
The overall gas balance is related to the oxygen balance since 
oxygen is the main reaction gas in the combustion process. Different  
factors are responsible for the errors to the gas balances. According 
to Penberthy (1965) the gas shrinkage is one source of the errors and 
was measured to be about 4.2%. Ejiogu et al (1978) and Hardy (1976) 
have also reported a difference of 11.4 and 20% by volume, 
respectively, between the in le t  injected a i r  and the produced gas.
Both manual adjustment of the in le t  a i r  flow rate and sampling 
collection (in order to maintain constant a i r  f lux and to col lect  the 
produced l iquids periodically)  introduced some errors. Any 
approximation in the calculation of the mol fract ion of each 
component w i l l  also introduce small errors in the measured data and 

























a ir  injected 
(mol)
















11.372 4.77 11.313 4.736 0.5 0.7
13.44 5.66 13.398 5.988 0.3 -5 .8
13.815 5.828 14.023 6.304 -1 .5 -8 .2
18.766 7.908 18.933 8.084 i o • -2 .2
13.648 5.744 13.814 6.018 -1 .2 -4 .8
13.607 5.744 13.773 6.42
CVJ•
pH1 - 11 .8
13.857 5.828 13.981 6.062 -0 .9 -4 .0
15.104 6.326 15.231 6.504 -0 .8 - 2 .8
23.011 9.658 23.178 10.036 -0 .7 -3 .9
20.556 8.658 20.598 8.836 -0 .2 -2 .1
11.152 4.662 11.358 5.02 -1 .8 -7 .7
20.43 8.574 20.598 9.042 -0 .8 -5 .5
12.234 5.162 12.233 5.072 0.01 1.7
15.771 11.072 15.771 11.238 0 -1 .5
9.996 6.410 9.450 7.084 5.5 -10 .5
13.358 9.324 13.233 9.324 0.9 0
14.439 6.078 14.481 6.56 -0 .3 -7 .9
15.521 6.494 15.645 6.528 -0 .8 -0 .5
23.968 10.074 23.926 10.028 0.2 0.5
17.31 7.242 17.227 7.142 0.5 1.4
Example 1
238
Density of N2 = 1.165 kg/m** at 20*C and 1 atm. pressure 
Density of 02 = 1.332 kg/m  ^ at 20’C and 1 atm. pressure
Injected gas:
volume of a i r  injected = 0.273 (st)  
volume of N2 injected = 0.273 x 0.79 = 0.216 m^  (st)  
volume of 02 injected = 0.273 x 0.21 = 0.0573 (st)
no. of mol of N2 = 0.216 x 1165 = 8.987
28
no. of mol of 02 = 0.0573 x 1332 = 2.385
32
total a i r  injected (mol) = 8.987 + 2.385 = 11.372
atoms of 0 = 2.385 x 2 = 4.770
Produced gas:
mol %
N2 = 79.07 
02 =  2.1 
CO = 3.8 
C02 = 15.03
volume of gas produced = 0.272 m^  (st)
volume of N2 produced = 0.272 x 0.7907 = 0.215 m^  (st)
volume of 02 produced =(0.021 + 0.038 + 0.1503) 0.272 =
0.0569 m3 (st)
no. of mol of N2 = 0.215 x 1165 = 8.945
28
no. of mol of 02 = 0.0569 x 1332 = 2.368
32
total gas produced (mol) = 8.945 + 2.368 = 4.736 
atoms of 0 = 2.368 x 2 = 4.736
Therefore; error in overall gas balance = 11.372 - 11.313 = 0.52%
11.372





Table D.l  gives an overall l iquid material balance for Runs 1 to 
20. An example of the calculation of the l iquid mass balance for Run 
1 is given in Example 2. The oil material balance is determined from 
the oil  or ig inally  in the pack, the fuel consumed, and the residual 
fuel in the pack. The error in the oil mass balance varies from 1.8% 
in Run 1 to 11.1% in Run 13. While the differences in the water 
material balance vary from 2.8 to 14.4% for Runs 2 and 10, 
respectively.
Discrepancies in the l iquid mass balance have several causes. 
The d i f f i c u l t i e s  in separating the water from the o i l -c lay  emulsion 
leads to errors in calculat ion. Water generated by combustion was 
calculated from the oxygen balance, assuming that a l l  of the oxygen 
not observed in the produced gases reacted to form water.
Losses due to l iquid handling during downstream separation and 
liquids in lines are another source of errors. Determining oil 
saturation in the unburned section of the pack is also a source of 
error in the l iquid mass balance because of the very small fractions  
of the material.
Tab I •  0 . 1
Liqu id  M a te r ia l  Balance
Run No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
01 1 Balance (gms)
I n i t i a l  o i l  In pack 250.5 245.9 281.7 272.0 270.4 262.2 266.8 258.1 270.4 258.3 251.4 ' 139.6 265.0 265 .7 276 .7 26 4 .7 263.1 26 6 .8 266 .8 264.6
01 1 produced 177.0 168.8 213 .8 211.2 169.1 166.3 183.7 183.2 153.9 190.6 153.1 57 .6 152.1 155.3 175.7 144.3 152.0 165.9 137.3 134.0
Fuel consumed 25 .9 30.2 29 .0 42 .2 34 .5 33 .4 33 36.1 50.4 43 .0 29.3 48 .3 26 .5 65 .5 42 .4 56 .0 32 .8 36 .0 54.1 37 .3
Unburned fuel 31 .2 2 0 .5 18 .5 15.0 25 .4 38 .3 23 .5 21 .8 29 .7 19.7 37 .8 30 .3 35 .0 25 .0 32 .7 38 .0 39 .5 34 .5 33 .3 45 .0
Oil  In 1ines 12.0 13.0 14.7 10.0 17.8 18.2 14.3 11.6 21.4 12.0 19 .6 13.8 22 .0 12.3 15.4 15.3 20 .2 15.5 20 .0 22 .7
Tota 1 246.1 232.5 276.0 278.4 246.8 256.2 254 .5 252.7 255.4 265.3 239.8 150.0 235.6 258.1 266.2 253.6 244.5 251.9 244.7 239
01 fference 4.4 13.4 5 .7 - 6 . 4 23 .6 6 12.3 5 .4 15.0 - 7 . 0 11.6 -1 0 .4 29 .4 7 .6 10 .5 11.1 18 .6 14.9 22.1 25 .6
Error In balance (X) 1.76 5.45 2.02 2.35 8.73 2.29 4.61 2.09 5.5 2.71 4.61 7.45 11.09 2.86 3.79 4, 19 7.07 5.58 8.28 9.67
Water Balance (gms) 
I n i t i a l  water 1n pack 71.6 65 .6 83 .9 68 .6 80 .0 67 .9 68 .7 74 .8 68 .2 75.2 62 .5 0 .0 50 .0 67.1 67 .2 62 .2 65 .7 63 .0 63 .6 68 .2
Water In je c te d 274.4 324.3 349.3 375.8 404 349.3 400.8 474.0 349.3 0 .0 349.3 523.9 199.6 0 .0 199.6 224.5 250.5 250.5 399.2 299.4
Water formed by 
combust Ion 8 .5 9 .7 6 .2 6 .4 3 .3 2 .7 5 .4 3 .6 5.1 8 .9 2 .8 3 .4 6 .0 13 .9 2 .4 3 14.1 6 .7 3 .0 14.91 12.4
Total 354.5 399.6 439.4 450.8 487.3 419.9 474 .9 552.4 422.6 84.1 414.6 527.3 255.6 81 .0 269.2 300.8 322.9 316.5 477.7 380
Water produced 283.1 320.6 342.0 386.7 380.5 304.2 441.7 534.3 389.0 58 .6 386.6 495 183.6 41 .0 203.1 247 .0 280 248 389.4 311.5
Water as residue 13.8 26 .9 19.1 15.0 28 .5 27.1 24 .4 20 .3 25 .4 12.6 19.7 20 .3 13.6 10.5 13 .0 10.5 12.3 30 .3 2 9 .9 22 .3
Water 1n 1 ines 40 40 .7 37 .5 35 .0 37 .0 40 .5 31 .5 35 .0 32 .7 23.1 29 .5 31 .0 25 21 .3 28 .8 20 .2 17.8 15 .0 16.4 18.1
Tota 1 336.9 388.2 398.6 436.7 446 .0 371.8 497.6 589.6 447.1 94 .3 435.8 546.3 222.2 72 .8 244.9 277.7 309.6 293.3 435.7 351 .9
01 fference 17.6 11.4 40 .0 14.1 41 .3 48.1 -2 2 .7 -3 7 .2 -1 3 .5 -1 2 .1 -2 1 .2 -1 9 33 .4 8 .2 24 .3 23.1 13.3 23 .2 42 28.1
Error  In balance (X) 4.96 2.85 9.28 3.13 8.48 11.46 4.78 6.73 3.11 14.39 5.11 3.60 13.07 10 .12 9.04 7.68 4.12 7.33 8.79 7.39
2 40
Example 2
2 4 0  A
(1) Oil: (Weight in gm)
i n i t i a l  oi l  content of pack = 250.5 ( l )
l iquid oil  produced = 177.0
fuel consumed = 25.9
residual fuel = 31.2
liquid oil  from lines = 12.0
total = 246.1 (2)
difference: (1 ) - (2 )  = 4.4
error in balance (%) = 1.76
(2) Water:
in i t i a l  water content of pack = 71.6
water injected = 274.4
water formed by combustion = 8.5
total = 354.5 (1)
l iquid water produced = 283.1
residual water = 13.8
liquid water from lines = 40.0
total = 336.9
difference: (1 ) - (2 )  = 17.6
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